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1.  Introduction 


This  report  documents  work  carried  out  over  the  period  July  1,  1979  to 
February  28,  1983,  in  the  Materials  Research  Laboratory  of  the  Pennsylvania 
State  University  under  Contract  No.  DAAG29-80-C-0008.  Our  major  accomplish¬ 
ments  during  the  above  contract  period  were: 

(1)  Development  of  a  new  family  of  grain  oriented  glass- 
ceramics  with  interesting  piezoelectric  and  pyroelectric 
properties  (Appendices  1  to  8) . 

(2)  Investigation  of  shape  memory  effect  in  PLZT  ceramic 
samples  (Appendices  9  to  10) . 

(3)  Discovery  of  a  new  type  of  ferroelectricity ,  called 
magnetoferroelectricity  and  demonstration  of  the  effect 
on  Cr2BeO^. 

A  brief  description  of  work  on  these  topics  is  given  below  highlighting  the 
more  important  features  of  the  work.  A  full  description  of  the  work  can  be 
found  in  appendices  which  comprises  of  published  or  submitted  papers  on  the 
above  topics. 

2.  Polar  Glass-Ceramics 

During  this  program,  several  glass-ceramic  compositions  have  been  developed 
with  useful  piezoelectric  and  pyroelectric  properties.  All  the  glass-ceramics 
selected  for  the  present  study  were  non-ferroelectric.  Major  effort  was  devoted 
to  optimizing  the  composition  and  processing  variables  to  obtain  glass-ceramics 
with  reproducible  properties  and  good  mechanical  strength.  Appendices  1  to  8 
contain  the  work  done  on  piezoelectric  and  pyroelectric  properties  of  these 
polar  glass-ceramics. 

These  glass-ceramics  with  oriented  crystallites  were  prepared  by  crystal¬ 
lizing  glasses  of  suitable  composition  in  a  strong  temperature  gradient. 
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Initially  x-ray  diffraction  and  oicrostructure  studies  were  performed  to 
evaluate  the  degree  of  preferred  orientation  of  the  crystalline  phases  in 
the  recrystallized  glass-ceramic  samples. 

Our  initial  work  showed  the  possibility  of  obtaining  a  glass-ceramic 
containing  oriented  crystallites  of  Li^Si^O^  crystalline  phase,  by  surface 
crystallization  of  Li20-2Si02  glasses.  These  samples  showed  encouraging 
pyroelectric  response.  However,  mechanical  strength  and  physical  integrity 
of  the  samples  was  a  problem  with  glass-ceramics  belonging  to  L^O-SiO  system. 
Efforts  were  made  to  improve  the  properties  of  glass-ceramics  in  this  system 
by  adding  modifying  oxides  such  as  ZnO  or  ^2^3'  We  succeeded  in  obtaining 
glass-ceramics  with  both  good  physical  properties  and  improved  pyroelectric 
and  piezoelectric  properties.  In  particular  lithium  borosilicate  glass- 
ceramics  gave  excellent  results  (Appendix  7) . 

During  the  later  part  of  the  program,  several  compositions  of  fresnoite 
(I^TiS^Og) ,  its  germanium  analogue  (Ba2liGe20g)  and  their  modifications  were 
studied.  Several  substituents  were  tried  for  Ba  and  Ti  sites. 

For  application  in  pyroelectric  detectors,  a  commonly-used  figure  of  merit 

is  p/K  where  p  is  the  pyroelectric  coefficient  and  K  is  dielectric  constant. 

The  pyroelectric  coefficient  of  lithium  borosilicate  and  fresnoite  glass- 

2 

ceramics  are  in  the  range  8-12  uC/m  °K  and  dielectric  constants  are  in  the 
range  5-15.  Hence,  a  high  value  of  p/K  can  be  achieved  even  though  the  pyro¬ 
electric  coefficients  are  relatively  low  compared  to  ferroelectric  materials. 

The  figure  of  merit  of  glass-ceramics  giving  the  best  regults  to  date  are  50% 
of  that  of  widely-used  pyroelectric  materials  such  as  LiTaOg. 

Glass-ceramics  with  similar  compositions  were  also  found  to  be  good 
candidate  materials  for  piezoelectric  resonators.  The  piezoelectric  and  electro¬ 
mechanical  properties  of  these  glass-ceramics  are  summarized  in  Appendix  5. 
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From  the  present  study  it  is  clear  that  a  fcide  range  of  piezoelectric  properties 
can  be  realized  by  appropriate  modification  of  the  composition  of  glasses. 

A  connectivity  model  was  developed  for  the  prediction  of  piezoelectric  and 
pyroelectric  properties  of  multicomponent  glass-ceramics  containing  crystallites 
of  several  crystalline  phases.  The  possibility  of  tailoring  both  the  piezo¬ 
electric  and  pyroelectric  properties  has  been  explored  by  modifying  the  composition 
of  parent  glasses  (Appendix  8) .  Lithium  borosilicate  and  f resnoite  glass-ceramics 
look,  to  be  promising  materials  for  surface  acoustic  wave  devices.  Several  in¬ 
dustries  have  already  expressed  interest  in  carrying  out  further  tests  on  the 
glass-ceramics  for  SAW  devices. 

In  summary,  our  present  work  on  polar  non-ferroelectric  glass-ceramics  shows 
that  these  materials  are  potential  candidate  materials  for  both  pyroelectric 
detectors  and  piezoelectric  resonators.  In  device  applications  glass-ceramics 
offer  several  advantages  over  single  crystal  materials.  Large  area  targets 
can  be  prepared  at  much  lower  cost.  The  problem  of  depoling  and  aging  commonly 
encountered  in  all  ferroelectric  materials  will  be  avoided  in  these  materials 
since  they  are  not  ferroelectric.  The  pyroelectric  and  piezoelectric  properties 
of  these  materials  extend  to  very  high  temperatures. 

3.  Shape-Memory  Effect 

The  recovery  of  a  plastically  deformed  material  to  its  original  shape  by 
heating  is  called  shape-memory  effect.  This  effect  has  been  extensively  studied 
in  metallic  alloys  and  is  generally  associated  with  martensitic  phase  transfor¬ 
mations.  Phase  transformations  in  ferroelectric  materials  are  not  martensitic, 
but  apparently  similar  effects  have  been  observed  in  PLZT  ceramics  as  part  of 
this  contract. 

In  order  to  understand  the  mechanisms  responsible  for  shape-memory  effect 
in  PLZT  ceramics  more  detailed  studies  have  been  carried  out.  In  the  present 
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study,  the  shape-memory  effect  in  PL2T  (Lead  Lanthanum  Zirconate  Titanate) 
ceramics  with  composition  x/65/35  (4.0  _<  x  _<  8.0)  was  investigated  using 
bending  experiments  and  temperature  cycling.  Relationships  between  load  and 
the  degree  of  bending,  together  with  their  temperature  dependence,  were 
determined,  and  characteristic  temperatures  associated  with  the  onset  and 
disappearance  of  the  pseudo-plastic  shape  change  were  compared  with  the 
observed  dielectric  anomalies.  Effects  of  mechanical  stress  and  electric 
field  on  the  shape-memory  temperatures  and  the  magnitude  of  strain  were  in¬ 
vestigated.  From  these  studies  it  was  concluded  that  domain  alignment  and  the 
temperature-dependence  of  spontaneous  strain  are  important  factors  governing 
the  shape-memory  effect  in  ferroelectrics.  Preferred-orientation  effects 
were  confirmed  by  X-ray  diffraction  analysis.  Appendices  9  and  10  summarize 
the  work  on  shape-memory  effect,  done  during  the  present  period. 

4.  Magnetoferroelectrics 

One  of  the  accomplishments  during  this  period  has  been  the  discovery  of  a 
new  class  of  ferroelectric  material  possessing  a  magnetically  induced  ferro- 
electricity  which  has  been  called  'magnetoferroelectric ' .  This  effect  was 
predicted  on  the  basis  of  symmetry  arguments  and  was  experimentally  confirmed 
in  chromium  chrysoberyl  C^BeO^  (Appendix  11). 

A  megnetof erroelectric  develops  a  reversible  spontaneous  electric  polar¬ 
ization  on  passing  through  a  magnetic  phase  transition.  This  effect  was 
demonstrated  in  Cr^BeO^  which  undergoes  a  phase  transition  from  a  centric 
paramagnetic  state  to  a  complex  antiferroraagnetic  state  at  28°K.  It  was  shown 
that  ceramic  samples  can  be  poled  electrically  below  the  transition  temperature 
to  a  remnant  polarization  about  five  orders  of  magnitude  smaller  than  BaTiO^. 

No  ferroelectric  anomaly  is  observed  at  Tc,  but  both  the  remnant  polarization 
and  the  pyroelectric  coefficient  can  be  reversed  in  sign  with  a  poling  field. 
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Highly  oriented  surface  layers  of  lithium  disilicate  crystals  were  grown  by  crystaliizingglasses  of 
composition  Li2Si205  in  a  temperature  gradient.  The  polar  c  axes  of  the  crystallites  were  oriented 
parallel  to  the  temperature  gradient  and  perpendicular  to  the  sample  surface.  The  pyroelectric 
response  of  the  glass-ceramic  crystallized  in  a  thermal  gradient  was  approximately  four  times 
larger  than  that  of  a  touram aline  crystal  of  similar  dimensions.  The  time  dependence  of  the 
pyroelectric  signal  obeys  the  thin-film  equivalent  circuit  model  developed  by  Chynoweth. 

PACS  numbers:  77.70.  +  a 

In  several  glass  systems  where  the  crystallization  pro-  Rindone71  has  studied  the  crystallization  of  lithium 

cesses  of  devitrification  have  been  extensively  studied,  the  disilicate  glasses  under  isothermal  conditions  and  observed  a 
crystalline  phases  have  symmetries  consistent  with  both  py-  tendency  for  the  crystallographic  c  axis  to  align  perpendicu- 
roelectricity  and  piezoelectricity. M  Electro-optic  proper-  lar  to  the  surface.  The  degree  of  orientation  of  the  crystallites 

ties2  and  switching  behavior3  have  been  reported  for  glass-  was  assessed  from  x-ray  diffraction  patterns, 
ceramics  containing  ferroelectric  microcrystals  of  BaTiO},  In  our  studies,  glasses  of  composition  Li2SU05  were 

NaNbO},  and  LiTaOj.  Pyroelectricity  in  a  ferroelectric  sodi-  prepared  by  mixing  reagent-grade  silicic  acid  (J.  T.  Baker 

um  cadmium  niobate  glass-ceramics  has  recently  been  de-  Chem.  Co.,  Phillipsburg,  NJ)  and  lithium  carbonate  (Fisher 

scribed  by  Layton  and  Smith.3  Scientific  Co.,  Fair  Lawn,  NJ),  followed  by  melting  in  a  glo- 

However,  except  for  ferroelectric  glass-ceramics,  where  bar  furnace.  The  melt  was  maintained  at  1400  *C  for  24  h  for 

piezoelectricity  and  pyroelectricity  are  induced  by  electric  fining  and  homogenization.  Transparent  samples  were  ob- 
poling  of  the  domain  structure,  little  attention  appears  to  tained  by  pouring  the  melt  into  a  graphite  mold,  after  which 

have  been  given  to  other  techniques  for  inducing  a  polar  the  samples  were  annealed  for  12  h  at  400  *C.  Polished  sam* 

orientation  texture.  This  study  is  concerned  with  lithium  pies  in  the  form  of  thick  disks  were  used  for  the  crystalliza- 

disilicate  gi««  composition  for  which  the  equivalent  crystal-  don  studies.  Crystallization  was  carried  out  in  two  ways:  (i) 

line  forms  are  pyroelectric,  but  not  ferroelectric.  The  glass-  Isothermal  crystallization,  in  which  the  entire  sample  was 
ceramic  samples  prepared  in  temperature  gradients  gave  uniformly  heated  to  the  crystallization  temperature,  typical- 

strong  pyroelectric  response  and  are,  to  the  best  of  our  ly  600  ‘C  and  maintained  at  that  temperature  for  one  hour, 

knowledge,  the  first  examples  of  nonferroeiectric  polar  and  (ii)  Thermal  gradient  crystallization,  in  which  a  tem- 

glass-ceramics.  perature  gradient  was  maintained  across  the  sample.  In  this 

For  this  study  the  stoichiometric  composition  method  the  sample  was  placed  on  a  hot  stage  and  heated  to 

Li]0-2SiO]  (lithium  disilicate)  was  selected.  According  to  x-  600  *C  within  five  minutes,  and  the  temperature  increased 

ray  structure  analysts,*  crystalline  LijSijOj  belongs  to  orth-  slowly  to  800  *C  at  a  rate  of  3  'C/min,  followed  by  rapid 

orhombic  space  group  Ccc2  (point  group  mm2).  In  the  polar  cooling  to  room  temperature. 

[001]  direction,  the  crystals  have  a  dielectric  constant  of  The  x-ray  diffraction  patterns  of  the  samples  crystal- 

about  7,  and  are  not  ferroelectric. 


FIG.  1.  Optical  photomicrograph  of  sample  crystallized  by  isothermel  FIG.  2.  Optical  photomicrograph  of  sample  crystallized  by  thermal  gradi- 

method  ( x  500).  ent  method  ( x  500). 
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lized  by  both  methods  showed  highly  oriented  growth  of 
crystallites  at  the  surfaces,  with  the  polar  c  axis  perpendicu¬ 
lar  to  the  sample  surface.  The  degree  of  orientation  was  al¬ 
most  perfect  in  the  thermal  gradient  samples.  Optical  photo¬ 
micrographs  (Figs.  1  and  2)  of  polished  cross  sections 
showed  that  needlelike  Li?Si20,  crystals  form  at  the  surface 
of  the  sample,  prior  to  nucleation  and  crystallization  of 
spherulites  in  the  interior.  The  thickness  of  the  oriented  sur¬ 
face  layers  can  be  controlled  by  varying  the  preparation  con¬ 
ditions  and  thermal  treatment.  Optimum  thicknesses  were 
obtained  in  samples  crystallized  under  a  thermal  gradient. 

Pyroelectric  response  of  these  samples  was  studied  by 
the  Chynoweth  method.9  The  voltage  response  was  mea¬ 
sured  at  room  temperature  with  a  chopping  frequency  of  5 
Hz.  Carefully  prepared  samples  with  highly  oriented  surface 
layers  200-600 p  thick  were  studied.  A  large  pyroelectric 
response  was  measured  from  the  samples  crystallized  under 
thermal  gradient.  The  pyroelectric  signal  measured  by  the 
Chynoweth  experiment  is  indicative  of  the  figure  of  merit 
p/epc,  where p  is  the  pyroelectric  coefficient,  e  the  dielectric 
permittivity,  p  the  density,  and  c  the  specific  heat  of  the  sam¬ 
ple.  Using  identical  sample  sizes  and  experimental  condi¬ 
tions,  the  signals  were  compared  with  those  obtained  from 
tourmaline,  which  has  similar  e,  c,  and/7  values.  Tourmaline 
has  a  pyroelectric  coefficient  of  about  4/*  C/m2  *C.  The  pyro¬ 
electric  figure  of  merit  of  the  lithium  disilicate  glass-ceram¬ 
ics  were  four  times  larger  than  tourmaline,  but  about  an  or¬ 
der  of  magnitude  weaker  than  such  commercial  pyro¬ 
electrics  as  lithium  tantalate  (p  =  190  pC/m2  *C). 

The  response  from  isothermally  prepared  samples  was 
about  ten  times  smaller  than  thermal  gradient  samples,  re¬ 
flecting  the  enhanced  polarity  of  the  samples  prepared  in  a 
thermal  gradient.  Further  improvement  in  the  pyroelectric 
response  is  anticipated  by  reducing  the  thickness  to  very  thin 
platelet  form.  The  mechanical  fragility  of  the  specimens 
makes  this  somewhat  difficult 

The  waveforms  of  the  pyroelectric  response  of  lithium 
disilica teand  lithium  tantalate  were  studied  at  chopping  fre¬ 


quencies  of  5  and  0.5  Hz.  In  both  cases,  it  was  observed  that 
the  voltage  rises  to  a  maximum  when  the  light  was  turned  on 
and  begins  to  decay  with  time.  The  voltage  reverses  when  the 
light  is  turned  off  and  again  decays.  The  measured  time  de¬ 
pendence  of  the  glass-ceramic  pyroelectric  responses  obeys 
the  thin-layer  equivalent  circuit  model  developed  by 
Chynoweth.10  In  this  model  it  is  assumed  that  the  pyroelec¬ 
tric  signal  originates  in  a  thin  layer  adjacent  to  the  surface, 
and  that  the  signal  is  capacitively  coupled  through  the  non- 
pyroeiectric  bulk  of  the  sample.  Reasonably  good  agreement 
between  this  model  and  the  observed  behavior  confirms  that 
the  pyroelectric  signals  in  lithium  disilicate  originate  in  the 
highly  oriented  surface  layers. 

Although  the  magnitude  of  the  signals  generated  by  the 
LKSijOj  glass-ceramics  are  small  compared  to  currently 
used  ferroelectric  pyroelectric  detector  materials,  these  sam¬ 
ples  are  the  first  example  of  a  nonferroelectric  pyroelectric 
glass-ceramic.  The  process  for  making  these  new  pyroelec¬ 
tric  materials  is  amenable  to  mass  production. 
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Highly  oriented  surface  lasers  of  lithium  disilicate  crystals  were  grown  by  crystallizing  glasses  ot  the  composition  l.i.O: 
SiO;.  The  thickness  of  the  oriented  layer  was  a  function  of  the  thermal  treatment.  The  crystallites  in  these  lasers  were 
oriented  with  their  r-a.xcs  perpendicular  to  the  sample  surface.  These  layers  were  found  to  he  pyroelectric  as  deter¬ 
mined  by  the  Chynnwcth  technique.  The  pyroelectric  responses  of  the  glass-ceramics  cryst.illi/ed  in  a  thermal  gradient 
were  approximately  four  times  larger  than  that  of  a  tourmaline  crystal  of  similar  dimensions. 


1  INTRODUCTION 

The  improvement  of  existing  pyroelectric  mate¬ 
rials  and  the  development  of  new  pyroelectric 
materials  with  properties  chat  are  superior  to 
those  materials  which  are  currently  used,  have 
been  the  goal  of  much  of  the  research  in  the  field 
of  pyroelectrics.  In  the  area  of  vidicon  targets, 
these  efforts  have  led  to  the  development  of  deut- 
erated  triglycine  fiuoroberyllale  (DTGFB).  The 
ferroelectric  crystals  such  as  TGS  and  DTGFB 
require  careful  preparation  and  arc  subject  to  per¬ 
formance  degradation  due  to  depoling.  The  object 
of  the  present  work  was  to  crystallize  a  non- 
ferroelectric  pyroelectric  phase  from  a  relatively 
simple  oxide  glass  in  a  manner  which  would  yield 
a  composite  with  a  pyroelectric  response  of  a  use¬ 
ful  magnitude. 

The  concept  of  crystallizing  an  electrically  ac¬ 
tive  phase  from  an  oxide  glass  has  been  employed 
in  the  past  by  the  electronic  materials  industry. 
Extensive  research  at  Corning  Glass  Works  was 
directed  towards  developing  a  glass  system  from- 
which  BaTiOj  could  be  crystallized  to  yield  a  high 
permittivity  glass  ceramic.' 

Electro-optic  effects  have  been  reported  in 
glass-ceramics  containing  sodium  niobatc.'  The 
optical  properties  of  glasses  containing  crystallites 
of  both  sodium  potassium  niobute  and  barium  ti- 
tanate  were  studied  for  possible  use  as  optical 
switching  elements. 1 

Layton  and  Smith*  reported  pyroelectricity  in 
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glass-ceramics  in  which  the  crystalline  phase  was 
ferroelectric.  In  this  study,  glasses  containing  crys¬ 
tals  of  Nao.eCdo.jNbOi  were  poled.  Reversible  po¬ 
larization  and  pyroelectricity  were  measured  in 
their  samples. 

Reversible  pyroelectricity  has  been  reported  in 
lithium  niobate  and  lithium  tantalate  glasses.’ 
This  effect  was  explained  as  the  result  of  fcrroelcc- 
tricity  in  the  glassy  state,  hut  the  possibility  of 
contributions  from  electrets  could  not  be  eliminated. 

In  the  present  work,  litlvuin  disiluate  crystals 
were  crystallized  from  glasses  which  had  the  com¬ 
position  of  33.3  mole  ‘T  Li;0  and  66.6  mole  ' 7  SiO:. 

l.l  The  System  Li.O-SiO: 

The  system  Li:0-SiO;  was  selected  lor  study  for  j 
number  of  reasons.  The  crystallization  behavior 
of  these  glasses  is  well  known  and  has  been  tho¬ 
roughly  reported.4 

Of  the  crystalline  products  in  the  glass-forming 
region,  lithium  disilicatc  was  selected  tor  study. 
Liebau  reports  the  structure  of  lithium  dedicate 
to  be  monoclinic  in  space  group  Cc  and  to  have  a 
strong  orthorhombic  pscudosymmeuv  V  nit  cell 
dimensions  with  respect  to  the  orthoihombic  unit 
cell  are  a  —  5.82  A,  b  —  14.66  A.  and  e  ~  4.79  A. 
Liebau  determined  that  the  structure  consists  of 
corrugated  Si.-Os  layers  held  together  by  lithium 
ions.  Projections  of  the  tetr.ihedrj  onto  the  three 
orthogonal  planes  appear  mj  izurc  I.  Die  or¬ 
thorhombic  c-axis  is  the  polar  avis  \  pioiection 
of  the  crystal  structure  onto  the  (l(Hi|  plane  is 
presented  in  Figure^  2..  These  diagrams  dearly 
show  the  acentric,  poljr  nature  ot  the  structure 
along  the  c-a\is. 
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FIGURE  1  Arrangement  of  (SiO*)"  tetrahedra  in  LitSiiO*. 


Single  crystals  of  lithium  disilicate  would  be  ex¬ 
pected  to  be  both  pyroelectric  and  piezoelectric  in 
the  e-direction.  Attempts  at  growing  single  crys¬ 
tals  have  been  made.  These  efforts  result  in  bun¬ 
dles  of  needle-like  crystals  oriented  with  the  c-axis 
parallel  to  the  long  direction  of  the  crystallites. 
Optical  examination  shows  that  the  crystallites  are 
twinned  on  a  very  fine  scale.  Neither  of  the  two 
possible  polar  directions  of  the  c-axis  is  favored.* 
Because  of  the  compensating  effects  of  this  exten¬ 
sive  twinning,  little  or  no  pyroelectricity  or  piezoe¬ 
lectricity  can  be  detected. 

Crystals  of  lithium  disilicate  grown  in  glasses  in 
the  LijO-SiO:  system  have  been  shown  to  be 
highly  oriented  in  thin  layers  near  the  surface  of 
the  glass.*10  These  workers  reported  that  the  crys¬ 
tals  in  a  thin  layer  near  the  surface  have  their  c- 
axes  perpendicular  to  the  sample  surface.  The  in¬ 
tention  of  the  present  work  was  to  take  advantage 
of  this  orientation  phenomenon  to  produce  a 
glass-ceramic  in  which  the  polar  c-axis  is  aligned 
perpendicular  to  the  sample  surface.  The  mechan¬ 
ical  interaction  between  the  glass  matrix  and  the 
crystatlites  might  enhance  the  pyroelectric  proper¬ 
ties  through  the  secondary  effect. 


O  o 

FIGURE  2  Projection  of  the  structure  of  lt;Si]0>  onto  (he 
(100)  plane. 


2  EXPERIMENTAL 
2. 1  Sample  Preparation 

Reagent-grade  acid  and  lithium  carbonate  were 
mixed  in  the  proportions  necessary  to  form 
glasses  of  composition  Li;0:2SiO;.  The  mixture 
was  melted  in  a  platinum  crucible  in  an  electric 
furnace  at  temperatures  in  the  range  from  1400  to 
1450°C  for  at  least  24  hours.  The  fined  glass  was 
poured  into  graphite  molds.  The  large  residual 
stress  from  the  rapid  cooling  was  partially  relieved 
by  annealing  for  12  hours  at  400°C.  Glass  disks  of 
varying  thicknesses  were  produced  by  grinding 
and  polishing  the  glass  cylinders.  Sample  thick¬ 
nesses  ranged  from  approximately  130  microme¬ 
ters  to  5  millimeters. 

Two  general  types  of  crystallization  treatments 
were  used.  The  treatment  in  which  the  entire  sam¬ 
ple  was  uniformly  heated  to  the  crystallization 
temperature  will  be  termed  “isothermal".  Crystal¬ 
lization  in  which  a  thermal  gradient  is  maintained 
in  the  samples  will  be  termed  "gradient”  crystalli¬ 
zation.  The  isothermally  crystallized  samples  were 
crystallized  in  a  small  electric  tube  furnace.  The 
samples  were  quickly  heated  to  600°C  and  held  at 
that  temperature  for  one  hour.  All  samples  were 
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cooled  to  room  temperature  from  the  crystalliza¬ 
tion  temperature  at  a  rate  of  approximately 
IOOJC/minute. 

The  thermal  gradient  samples  were  prepared  by 
polishing  one  end  of  a  glass  cylinder.  The  polished 
surface  was  placed  on  the  heating  element  of  a 
microscope  hot  stage.  A  small  piece  of  platinum 
foil  was  placed  between  the  heating  element  and 
the  glass  sample.  The  hot  stage  was  heated  to 
600°C  within  5  minutes  to  establish  a  thermal 
gradient  across  the  sample.  The  temperature  of 
the  stage  was  increased  to  800°C  at  the  rate  of 
200aC/hour.  The  thermal  gradient  was  estimated 
to  be  approximately  300°C/cm. 

After  cooling,  the  thermal  gradient  samples 
were  thinned  by  grinding  and  polishing  the  cold 
end  of  the  cylinders.  X-ray  and  Chynoweth  meas¬ 
urements  were  performed  on  the  thin  crystallized 
layer  at  the  hot  face  of  these  samples. 

At  least  one  sample  from  each  batch  of  glass 
was  isothcrmally  crystallized  at  600eC  and  was 
ground  to  a  powder.  X-ray  diffraction  analyses 
were  performed  on  a  Picker  diffractometer  using 
CuK,  radiation.  The  patterns  obtained  were  com¬ 
pared  to  standard  patterns  for  phase  identification. 

To  determine  the  degree  of  crystallite  orienta¬ 
tion  in  the  samples,  x-ray  diffraction  was  per¬ 
formed  on  the  as-crystallized  surfaces.  The  rela¬ 
tive  peak  heights  from  the  crystallized  samples 
were  compared  to  the  relative  peak  heights  of  the 
standard  powder  pattern  to  qualitatively  evaluate 
the  degree  of  orientation. 

2.2  Pyroelectric  measurements 

The  pyroelectric  responses  were  determined  at 
room  temperature  using  a  method  described  by 
Chynoweth."  Sputtered  gold  electrodes  were  ap¬ 
plied  to  both  sides  of  the  sample.  Fine  gold  wires 
were  attached  to  the  electrodes  using  an  air-drying 
silver  paste.  Radiation  from  a  light  source  is 
chopped  at  a  set  frequency.  The  voltage  developed 
across  the  sample  is  amplified  and  measured  by  a 
phase-sensitive  detector.  All  measurements  were 
compared  with  the  signal  from  a  sample  of  single 
crystals  of  lithium  tantalate  and  tourmaline.  The 
lithium  tantalate  standard  also  provided  a  means 
to  standardize  the  various  equipment  parameters 
to  obtain  reproducible  results. 

The  circuit  shown  in  Finure  2 'was  employed  to 
view  the  wave  form  generated  by  the  samples.  The 
signal  from  the  FET  amplifier  was  filtered  to  re¬ 
move  the  60  Hz  and  high  frequency  noise  and  the 


filtered  signal  was  displayed  on  the  oscilloscope. 
For  the  5  Hz  wave  forms,  the  signal  was  first  pro¬ 
cessed  through  a  notch  filter  to  remove  the  60  Hz 
component.  The  signal  was  then  processed  through 
a  bandpass  filter  to  remove  the  high  and  low  fre¬ 
quency  noise.  For  the  0.5  Hz  signal  the  60  Hz 
noise  was  amplified,  inverted,  and  added  to  the 
original  signal  to  cancel  out  the  noise  by  destruc¬ 
tive  interference.  Photographs  were  taken  of  the 
image  of  the  wave  forms  as  displayed  by  a  storage 
oscilloscope. 


FIGURE  3  Schematic  of  Chynoweth  apparatus  for  wave 
form  display. 


3  RESULTS  AND  DISCUSSION 

The  powder  x-ray  diffraction  powder  patterns  for 
these  glass-ceramics  indicated  that  the  only  crys¬ 
tallization  phase  present  in  detectable  quantities 
was  lithium  disilicate.  No  attempt  was  made  to 
determine  the  stoichiometry  of  these  samples  from 
the  x-ray  patterns. 


J.  I  Isothermal  crystallization 

Soaking  times  at  the  crystallization  temperature 
were  varied  from  one  hour  or  more  down  to  ten 
minutes.  The  samples  crystallized  for  longer 
times,  regardless  of  the  presence  or  absence  of  an 
applied  field,  were  completely  opaque.  Those 
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samples  crystallized  for  shorter  times  were  either 
translucent  or  slightly  opalescent  in  appearance. 
In  these  samples,  no  bulk  spherulitic  crystallite 
growth  could  be  observed  with  the  unaided  eye. 
These  observations  correspond  to  those  made 
using  the  microscope  hot  stage.  Surface  crystalli¬ 
zation  occurs  relatively  quickly,  but  the  nuclea- 
tion  and  growth  of  the  spherulites  is  a  slower  pro¬ 
cess.  The  short  crystallization  times  result  in 
surface  crystallization  but  little  or  no  visible  crys¬ 
tallization  of  the  bulk  of  the  samples. 

3. 1. 1  X-ray  diffraction  In  general,  the  x-ray  dif¬ 
fraction  patterns  of  the  isothermally  crystallized 
glass-ceramics  showed  that  the  sample  surfaces 
contained  highly  oriented  crystallites.  As  in  the 
work  of  Rindone.  the  strong  (002)  reflection  indi¬ 
cates  that  the  crystallographic  c-axis  is  perpendic¬ 
ular  to  the  sample  surface.*  The  degree  of  orienta¬ 
tion  was  estimated  by  calculating  the  ratio  of  the 
peak  heights  of  the  (002)  to  the  (040)  reflections. 
For  random  polycrystalline  or  powdered  samples, 
this  ratio  is  about  1:7.  A  higher  ratio  than  this 
would  indicate  that  the  c-axis  is  preferentially 
aligned  perpendicular  to  the  sample  surface.  For 
the  isothermally  crystallized  samples,  this  ratio 
was  typically  100: 1.  Ratios  as  high  as  300: 1  were 
measured.  Because  of  the  high  degree  of  orienta¬ 
tion  in  many  of  these  samples,  it  was  often  impos¬ 
sible  to  resolve  the  (130),  (040),  and  (111)  peaks. 
In  these  cases,  this  ratio  was  calculated  on  the 
basis  of  the  height  of  the  next  highest  peak  in  the 
range  from  23  to  23  degrees  2-theta. 

The  ratios  obtained  from  the  diffraction  pat¬ 
terns  agree  well  with  those  obtained  by  Rindone 


FIGURE  4  Optical  photomicrograph  of  surface  crystalliza¬ 
tion  (J00X). 


for  Li:Si:Os  crystals  in  Li;0:4SiO:  glass.  He  re¬ 
ported  ratios  as  high  as  300: 1  for  glasses  crystal¬ 
lized  without  the  addition  of  platinum  nuclei. 

The  degree  of  orientation  was  dependent  only 
on  the  quality  of  the  surface  finish.  A  sample 
which  had  been  ground  but  not  polished  yielded 
an  x-ray  pattern  very  similar  to  that  of  a  pow¬ 
dered  sample.  No  enhancement  of  the  002:040 
peak  height  ratio  occurred  unless  the  sample  sur¬ 
faces  were  highly  polished  prior  to  crystallization. 

3.1.2  Microstructure  Microscopic  examination  of 
all  the  samples  was  made.  Etching  the  samples  re¬ 
vealed  the  oriented  surface  crystallization  detected 
by  the  diffractometer.  Figure  4  is  an  optical  pho¬ 
tomicrograph  of  a  typical  layer.  Fi&uxes-S-a  and 


FIGURE  3  SEM  photomicrograph  of  oriented,  crystallized 
surface  layer:  (a)  700X;  (b)  3000X. 
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5-b  are  SEM  photomicrographs  which  show  the 
needle-like  lithium  disilicate  crystals  in  these  sam¬ 
ples.  The  depth  of  the  oriented  layer  in  the  isother- 
mally  crystallized  samples  varied  from  as  little  as 
20  nm  up  to  250  n m .  The  depth  of  this  layer  was 
related  to  the  length  of  time  at  the  crystallization 
temperature.  Those  samples  crystallized  for  short 
periods  of  time  generally  had  thinner  oriented 
layers.  The  bulk  crystallization  is  spherulitic  (and 
thus  not  oriented)  in  nature.  The  surface  crystalli¬ 
zation  wilt  grow  into  the  sample  until  it  encoun¬ 
ters  these  spherulites.  In  the  thicker  samples  the 
combination  of  oriented  surface  crystallization 
and  the  bulk  spherulitic  crystallization  resulted  in 
a  sandwich  structure.  Figures  6-a  and  6-b  are  op¬ 
tical  photomicrographs  ot  an  isothermally  crystal- 


FIGURE  6  Optical  photomicrographs  of  isothermally  crys¬ 
tallized  glass-ceramic  (I00X). 


FIGURE  7  Optical  photomicrograph  of  isothermally  crys¬ 
tallized  glass-ceramic  (200X). 


lized  sample  which  was  approximately  0.08  cm 
thick. 

The  thinner  samples  consisted  of  the  two  layers 
of  oriented  crystallites  extending  inward  from  the 
surfaces  but  with  no  intervening  layer  of  spheru¬ 
litic  growth.  Figu*e»Z  is  a  photomicrograph  of  a 
0.013  cm  sample.  The  two  layers  have  apparently 
grown  inwards  towards  the  centerline  of  the  sam¬ 
ple  faster  than  the  rate  of  formation  of  the  spheru¬ 
litic  crystallites.  The  thickness  of  the  oriented  lay¬ 
ers  is  approximately  60  to  90  pm  in  these  samples. 

3. 2  Thermal  gradient  crystallization 

Macroscopically,  the  thermal  gradient  samples 
appeared  to  be  crystallized  on  the  hot  surface  to  a 
depth  of  about  two  millimeters.  The  bulk  of  the 
sample  remained  non-crystalline  with  the  excep¬ 
tion  of  a  few  spherulites  in  the  center  of  the 
sample. 

1.2. 1  X-ray  diffraction  X-ray  diffraction  was  per¬ 
formed  on  the  crystallized  surface.  Peak  height  ra¬ 
tios  (002:040)  as  high  as  200: 1  were  measured. 
The  degree  of  orientation  was  once  again  deter¬ 
mined  to  be  a-  function  of  surface  finish  only. 

3.2.2  Microstructure  The  depth  of  the  oriented 
layer  was  as  much  as  1  mm,  or  at  least  four  times 
greater  than  the  layers ja^ny  of  the  isothermally 
crystallized  samples.  Figures  ,8-a  and  8-b  are  photo¬ 
micrographs  of  a  typical  thermal  gradient  sample 
showing  the  oriented  layer  of  crystallites. 
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FIGURE  8  Optical  photomicrographs  of  oriented  layer  in 
thermal  gradient  sample  (I00X). 


This  technique  enabled  the  preparation  of  sam¬ 
ples  in  which  a  single  oriented  layer  of  lithium  dis¬ 
ilicate  crystals  could  be  grown  to  a  substantial 
thickness. 


3.3  Pyroelectric  measurements 

Table  l  contains  the  results  of  the  pyroelectric 
measurements  on  several  of  these  samples.  The 
voltage  recorded  in  Tabie  1  is  the  voltage  after 
amplification.  All  measurements  were  made  at  a 
frequency  of  5  Hz. 

The  lithium  tantalate  sample  used  to  standard¬ 
ize  the  equipment  had  the  largest  signal.  The  sig¬ 
nals  generated  in  the  lithium  disilicate  samples 
were  much  smaller.  The  inverse  relationship  be¬ 
tween  the  sample  thickness  and  the  magnitude  of 
the  signal  was  exhibited  by  the  isothermally  crys¬ 
tallized  glass-ceramics. 

The  thermal  gradient  sample  produced  the  larg¬ 
est  signal  of  the  glass-ceramics.  For  the  purposes 
of  comparison,  a  sample  of  single  crystal  tourma¬ 
line  was  ground  and  polished  to  a  thickness  close 
to  that  of  the  thermal  gradient  sample.  Under 
identical  conditions,  the  thermal  gradient  sample 
produced  a  signal  which  was  approximately  a  fac¬ 
tor  of  four  larger  than  that  produced  by  the 
tourmaline  crystal. 

It  might  be  argued  that  the  voltage  signal  in 
these  samples  may  be  related  to  effects  other  than 
pyroelectricity.  There  is,  however,  substantial  evi¬ 
dence  that  pyroelectricity,  whether  primary  or  sec¬ 
ondary  due  to  mechanical  interaction  with  the 
piezoelectric  properties,  is  responsible  for  the 
signal. 

First,  the  AC  Chynoweth  method  eliminates 
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Pyroelectric  responses  of  LijSijOi  glass-ceramics,  lithium  tanulate.  and  tourmaline 


Material 

Sample 

Thickness 

Crystallisation 

Amplified 

Voltage 

ImV) 

V  Sample 

V  LiTaO, 

Sample 
Capacitance 
at  1  K 

Tan  6 

LiTaOi 

130  uni 

Single  crystal 

350 

1.0 

74  pf 

.005 

LiiSiiO) 

300  urn 

Isothermal 

0.1 

2.9  X  10“ 

2pf 

-007 

LijSijOj 

100  um 

Isothermal 

1.9 

5.4  X  10"’ 

1.6  pf 

-.007 

LijSiiO) 

470  um 

Thermal  gradient 

11 

3.1  XI  O'* 

.4  pf 

-.007 

Tourmaline 

4J0  Mm 

Single  crystal 

2.7 

7.7  X  tO'1 

.4  pf 

-.006 

Note:  Amplifier  input  capacitance  *  I  pf 
Gain  ■  100: 1 
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many  of  the  DC  effects  that  are  often  measured  as 
a  material  is  heated.  Thermoelectricity  can  con¬ 
tribute  to  the  DC  current,  but  the  voltage  gener¬ 
ated  during  the  time  the  light  is  on  would  rise  to 
an  equilibrium  value  and  would  not  decay  with 
time.  The  thermoelectric  voltage  would  not  change 
sign  on  cooling.  Photoconduction  and  the  trap¬ 
ping  of  charge  carriers  may  result  in  the  decay  of 
the  signal  with  time,  but  the  sample  would  not 
recover  to  its  original  condition  during  the  dark 
cycle." 

The  frequency  dependence  of  the  pyroelectric 
voltage  response  has  been  described  by  Putley." 
For  a  true  pyroelectric  material,  the  log  of  the 
voltage  should  be  a  linear  function  of  the  log  of 
the  chopping  frequency  provided  that  the  chop¬ 
ping  frequency  is  greater  than  1/r,  where  r  is  the 
electrical  time  constant  for  the  detector-amplifier 
circuit.  This,  frequency  dependence  has  been  plot¬ 
ted  in  Figure  9  for  both  the  lithium  tantalate 
standard  and  a  glass-ceramic  sample.  Note  the 
linearity  of  both  functions  in  this  frequency  range. 
This  indicates  that  the  frequency  dependence  of 
the  signal  in  the  lithium  disilicate  glass-ceramics 
follows  the  predictions  of  the  pyroelectric  theory. 
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FIGURE  9  Pyroclcctnc  response  vs  frequency  for  lithium 
umalaie  standard  and  lithium  disiltcate  glass-ceramic. 


FIGURE  10  Wave  forms  of  Chynoweth  responses  at  J  Hi: 
(a)  Li;Si:0)  glass-ccramic;  (b)  LjTaO>  single  crystal. 


The  wave  forms  of  the  samples  of  lithium  disili¬ 
cate  and  lithium  tantalate  at  chopping  frequencies 
of  about  5  Hz  and  0.5  Hz,  respectively,  appear  in 
Figures  10  and  l).  The  lower  trace  in  the  two 
photographs  is  the  voltage  drop  across  the  photo¬ 
resistor.  The  voltage  of  both  samples  rises  to  a 
maximum  when  the  light  is  turned  on  and  begins 
to  decay  with  time.  The  voltage  reverses  when  the 
light  is  turned  off  and  again  decays  towards  the 
baseline. 

Given  the  tendency  of  the  lithium  disilicate 
crystals  to  twin  on  a  very  fine  scale,  the  existence 
of  pyroelectricity  in  these  glass-ceramics  is  unex¬ 
pected.  In  order  for  pyroelectricity  to  be  detected 
in  the  oriented  layers,  the  polarities  of  the  crystal- 
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FIGURE  II  Wave  Cormi  of  Chynoweth  responses  at  0.5  Hz: 
(a)  LiiSiiOi  glass-ceramic,  (b)  LiTaO)  single  crystal. 

lites  cannot  be  randomly  arranged.  There  must  be 
some  mechanism  operating  during  crystallization 
which  favors  one  polar  sense  of  the  c-axis  over  the 
other. 

One  possible  mechanism  involves  the  migration 
of  alkali  ions  to  the  surface  during  heating.  The 
explanation  of  the  orientation  effect  in  the  surface 
layers  of  these  glasses  is  based  on  the  observation 
that  the  surface  of  an  alkali-containing  glass  is 
higher  in  alkali  concentration  than  is  the  bulk.10 
In  a  glass  containing  lithium,  silicon,  and  oxygen, 
a  high  lithium  concentration  at  the  surface,  if  un¬ 
compensated  by  negative  surface  charges,  must 
create  an  electric  field  within  the  glass.  The  sur¬ 


face  of  the  glass  would  be  expected  to  be  positive 
with  respect  to  the  bulk.  If  lithium  ion  migration 
occurs  prior  to  nucleation  and  crystallization,  the 
electric  field  due  to  ion  migration  may  influence 
the  polar  orientation  of  the  crystallites  within  the 
oriented  layer. 

An  alternative  explanation  based  on  lithium  ion 
migration  would  be  that  the  high  lithium  ion  con¬ 
centration  at  the  surface  favors  the  nucleation  and 
growth  of  one  of  the  two  possible  orientations 
through  some  mechanism  not  involving  the  elec¬ 
tric  field  created  by  the  ion  migration. 

If  the  migration  of  lithium  ions  towards  the 
sample  surfaces  is  held  responsible  for  the  favor¬ 
ing  of  one  sense  of  the  c-axis  polarity  over  the 
other,  then  it  must  be  true  that  the  polarity  of  the 
two  layers  of  oriented  crystallites  in  the  isother- 
mally  crystallized  samples  must  be  opposite  to 
each  other. 

The  accuracy  of  this  statement  can  be  tested  by 
examining  the  phase  relations  between  the  light 
pulses  heating  the  sample  and  the  resultant  vol¬ 
tage.  For  a  single  crystal  such  as  the  lithium  tan- 
talate  standard,  the  polarity  of  the  electrodes  is 
independent  of  which  surface  is  exposed  to  the 
light  pulses.  If  the  sample  is  inverted  with  respect 
to  the  light  source,  the  sign  of  the  detected  voltage 
will  not  reverse. 

This  experiment  was  performed  on  the  lithium 
disilicate  samples.  The  samples  which  consisted  of 
two  oriented  layers  of  crystallites  separated  by  a 
spherulitic  region  did  appear  to  reverse  the  sign  of 
the  voltage  when'inverted  with  respect  to  the  light 
source.  It  was  determined  that  the  surface  of  the 
sample  which  is  facing  the  light  source  was  always 
positive  with  respect  to  the  opposite  surface.  The 
samples  behaved  as  if  they  consisted  of  two  pyroe¬ 
lectric  single  crystals  joined  together  such  that  the 
polar  sense  of  the  crystals  opposed  each  other. 
This  measurement  indicated  that  the  polarities  of 
the  oriented  layers  were  in  agreement  with  the 
proposed  mechanism. 

A  further  check  was  performed  on  samples 
which  consisted  of  only  a  single  oriented  layer. 
Measurements  of  these  samples  showed  that  they 
behaved  like  single  crystals.  One  surface  always 
became  positive  regardless  of  which  surface  was 
exposed  to  the  light  pulses. 

From  these  measurements  it  was  concluded  that 
the  polarity  of  the  crystallites  in  the  oriented  lay¬ 
ers  was  not  random.  Some  mechanism,  probably 
related  to  the  migration  of  lithium  ions,  was  re¬ 
sponsible  for  the  favoring  of  one  polar  orientation 
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over  the  other.  The  signal  detected  by  the  Chyno- 
weth  apparatus  originates  in  the  oriented  layers. 
In  those  samples  which  consisted  of  two  oriented 
layers  separated  by  a  random,  spherulitic  region, 
only  the  layer  facing  the  light  source  contributes 
to  the  signal.  The  voltage  induced  across  this  layer 
by  the  temperature  change  is  capacitively  coupled 
to  the  opposite  surface. 

This  explanation  accounts  for  the  relative  mag¬ 
nitude  of  the  signals  generated  by  the  glass-ceramics. 
In  the  thicker,  isothermally  crystallized  samples, 
the  signal  originates  in  the  oriented  surface  layer 
closest  to  the  light  source.  The  intervening  spheru¬ 
litic  layer  does  not  contribute  to  the  response.  The 
thinner  isothermally  crystallized  samples  give 
larger  signals  because  of  the  reduced  mass  (and 
thus  larger  temperature  change)  but  only  one 
layer  can  contribute  to  the  signal.  If  the  tempera¬ 
ture  of  the  second  layer  changes,  it  will  tend  to 
oppose  the  signal  of  the  first  layer.  There  is  no 
opposing  oriented  layer  in  the  thermal  gradient 
samples  to  reduce  the  magnitude  of  the  signal. 
These  samples  produced  larger  signals  than  the 
two-layer  isothermally  crystallized  glass-ceramics. 


4  CONCLUSIONS 

Glass-ceramics  containing  highly  oriented  layers 
of  Li’S^Oj  crystallites  have  been  made  from 
glasses  having  the  composition  Li:0:4Si02.  The 
nucleation  and  crystallization  behavior  of  this 
glass  was  found  to  be  identical  to  the  behavior  of 
similar  glasses  as  described  in  the  literature.  The 
highly  oriented  layers  form  at  the  surfaces  of  the 
samples  prior  to  the  nucleation  and  crystallization 
of  spherulites  in  the  interior  of  the  samples.  The 
degree  of  orientation  was  found  to  be  dependent 
on  the  sample  surface  finish  only. 

Microscopic  examination  of  the  crystallized 
glasses  showed  that  the  oriented  layers  consisted 
of  needle-  or  lath-like  crystals  oriented  with  their 
long  axes  perpendicular  to  the  sample  surface. 
The  thickness  of  the  oriented  layers  could  be  var¬ 


ied  by  varying  the  sample  preparation  and  ther¬ 
mal  treatment.  Optimum  layer  thicknesses  were 
obtained  in  samples  which  were  crystallized  by  the 
application  of  a  thermal  gradient. 

Pyroelectricity  was  detected  in  the  crystallized 
glasses  using  the  Chynoweth  technique. 

The  existence  of  pyroelectricity  in  these  glass- 
ceramics  is  evidence  that  there  is  a  preferred 
orientation  for  the  polar  direction  of  the  c-axes 
during  crystallization  of  the  oriented  layer. 

Although  the  absolute  magnitude  of  the  signals 
generated  by  these  glass-ceramics  is  small  com¬ 
pared  to  currently  used  pyroelectric  detector 
materials,  these  samples  represent  the  first  re¬ 
ported  non-fcrroelectric  pyroelectric  glass-ceramics. 
The  techniques  and  processes  developed  in  this 
study  may  be  applied  to  other  systems  to  develop 
a  new  class  of  pyroelectric  materials. 
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Abstract— Pyroel ectrl c-pl ezoel ectrl c  glass  ceramics  of  polar  materials  like 
Li2$i2°5t  8a2T1Ge208,  8a2T1Si2°8»  and  various  compositions  In  the  systems  LI2O-B2O3, 
Ll20-S102-Zn0,  LI2O-SI O2-82O3  have  been  prepared  by  oriented  recrystallization  of 
the  glasses  under  a  strong  temperature  gradient,  providing  a  simple  Inexpensive 
process  for  preparing  piezoelectric  and  pyroelectric  materials.  High  pyroelectric 
responses  Mere  observed  in  these  glass-ceramics.  Values  of  piezoelectric  d33 
coefficients,  frequency  constants,  electromechanical  coupling  coefficients  and 
dielectric  properties  of  glass-ceramics  were  In  close  agreement  with  the  values  of 
respective  single  crystals. 


INTRODUCTION 

In  recent  years  there  has  been  a  growing  Interest  In  the  study  of  ferroel ectrl city 
In  glassy  state  and  recrystallized  ferroelectric  glasses1"10.  Dielectric  and  pyroelec¬ 
tric  measurements  have  been  reported  In  glasses  of  stoichiometric  composites  of  L1Ta03, 
L1Nb<h,  Pb5Se30n  and  PbTIOs1"^ 

Electro-optic  properties,  dielectric  and  pyroelectric  measurements  and  switching 
behavior  have  been  reported  for  glass  ceramics  containing  ferroelectric  microcrystals  of 
BaT103,  NaNb03,  HTa03,  PbT103,  Pbs8e30n  and  several  other  materials  in  a  silica  or 
borate  rich  glass  matrix4"10.  Effect  of  heat  treatment  process  on  porosity,  grain  size 
and  on  ferroelectric  properties  of  the  recrystallized  glasses  has  been  studied.  All 
these  studies  on  glass  ceramics  are  limited  to  the  ferroelectric  glass  ceramics  where 
piezoelectric  and  pyroelectric  properties  are  Induced  by  electric  poling  of  the  domain 
structure  of  the  mlcrocrystals.  Not  much  attention  has  been  given  to  studies  for  indu¬ 
cing  polar  orientation  in  the  mlcrocrystals  In  nonferroel ectrl c  glass  ceramics.  Recently 
it  has  been  shotm  that  by  controlled  crystallization  of  glasses  having  compositions  of 
pyroelectric-piezoelectric  materials  in  a  strong  normal  temperature  gradient  It  is 
possible  to  obtain  glass  ceramics  with  both  crystallographic  and  polar  orientations11 t12. 
This  paper  describes  the  piezoelectric  and  pyroelectric  measurements  done  on  several 
glass-ceramic  compositions.  Advantages  of  glass  ceramics  for  various  device  applica¬ 
tions  are  discussed. 

EXPERIMENTAL  DETAILS 

Glasses  of  compositions  8a2T1Ge208.  Ba2TiSi208,  Ll2°-2$i02  and  several  compositions 
in  the  systems  L120-B2°3.  Li2°-S102-Zn0  and  L120-S1 02-8203  were  prepared  by  mixing 
reagent  grade  chemicals  In  the  desired  molar  ratios  and  melting  in  a  globar  furnace. 

The  compositions  of  the  glasses  and  the  crystallization  temperatures  determined  from  DTA 
runs  are  given  In  Table  1.  Crystallization  of  glasses  was  carried  out  in  a  temperature 
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TABLE  1 


Properties  of  Slus-C«ram1c  Semples  Prepared  in  a  Temperature  Gradient 


EBeO-EGeOg-TIQg 

BaO-I.BSIOj-TIOj 

Li20-2Si02 

L^O-ZSIOj-O.lZnO 

L120-2Si02-O.2ZnO 

L120-2Si02-0.25Zn0 

Li20>2SiQ2'0.4Zn0 

Li^SBjO^ 

L120-1.8S102-0.2B203 
L120-T.33Si02-0-«6B203 
L120-1  .SSiOj-0. 12n0-0.  IBjOj 


800 

860 

585 

570 

580 

585 

590 

580 

60S. 680 
670 

580,670 


Crystalline 

Phases® 

Vh 

LS^LSZ+q 

LS^LSZ+q 

LSj+LSZ+O 

ts^Lsz+q 

LBjrLBj 

LS2+^2+^ 

LSj+LBgHS 

L^rLSZ 


Piezoc  d33 
pC/N 


Chynowetn 
response® 
gyro  mV 

(-)  20 
(♦)  35 
(-)  20 
(-)  70 
(-)IOO 
(-)  80 
(-)  4 
(-)  70 
(-)200 
(-)  85 
(-)  20 


*Tcr  1*  the  crystallization  temperature  determined  from  OTA  runs. 
^Abbreviation  for  phases. 

BjTSj  -  BajTIGejOg  LSZ  -  Li2ZnS104 

BjTSj  •  BajTISIjOg  LS  •  U2S103 

q  •  Slflj  (quartz)  L 83  * 

*■^2  *  L12S12°5  *  L83  *  LIjSjO^q 

Pleasured  an  the  surface  facing  the  higher  tenperature  end  of  the  temperature 
axis. 

d(i)  Indicates  the  sign  of  pyroelectric  coefficient  p. 


gradient 


gradient  by  placing  the  polished  glass  samples,  in  the  form  of  thick  disks,  on  a 
microscope  hot  stage  (E.  Leltz,  Inc.).  A  detailed  procedure  for  the  preparation  of 
glass-ceramic  samples  can  be  found  In  references  11-14.  The  crystalline  phases  in 
the  glass-ceramic  samples  were  Identified  from  x-ray  powder  patterns.  The  piezoelec¬ 
tric  constants  were  measured  using  a  d33  meter.  For  resonance  studies,  samples  in  the 
shape  of  circular  disks  were  prepared,  polished  and  gold  electrodes  were  sputtered. 
Measurements  were  made  both  in  the  radial  and  -the  thickness  mode  of  resonance  bv  reso¬ 
nance  and  antiresonance  method  using  a  Hewlett  Packard  3585A  spectrum  analyzerl®.  Pyr< 
electric  responses  from  thin  samples  (250  ym)  were  measured  by  the  dynamic  Chynowetn 
technique^  at  a  modulating  frequency  of  4  Hz. 

MICROSTRUCTURE  OF  RECRYSTALLIZED  SAMPLES 

Glass-ceramics  prepared  from  recrystallization  of  the  glasses  in  a  temperature 
gradient  showed  a  high  degree  of  crystallographic  orientation.  Studies  on  the  degree 
of  preferred  orientatiun  of  the  crystallites  as  a  function  of  depth  from  the  hot  face 
revealed  that  the  oriented  crystallites  region  extends  deep  in  the  glass-ceramic  sam¬ 
ples  and  then  tapers  off  (Figure  1).  Needle-like  crystals  grow  from  the  hot  face  into 
the  sample  alonq  the  direction  of  the  temperature  gradient.  The  depth  of  the  orientec 
region  was  400  to  SdO  urn.  The  width  of  the  crystallites  estimated  from  the  ODtical 
microscope  is  in  the  ranee  2-5  urn. 
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Fig.  1. 

Ootlcal  photomicrograph  of 
orlanteO  crystal lizad  region 
In  Li20>2S(02-0.2ZnO  glass-ctrurics 

(zlOO). 

Fig.  2. 

Rasonanct  spectrum  for 
U20-1.3S102-0.2B203  glass-ceramic 
(horizontal  seal*  ■  6.8  AH4S 
vertical  seal*  •  5  <tt). 


PIEZOELECTRIC  PROPERTIES 

The  piezoelectric  d33  coefficients  and  their  signs  measured  on  the  surface  facing 
the  higher  temperature  gradient  end  are  given  in  Table  1.  For  Ba2TiGe208  and  Ba2T1Si208 
glass-ceramics,  the  sign  of  d33  was  positive.  For  Li2Si205  the  sign  of  d33  was  negative 
and  remained  the  same  in  samples  containing  small  amounts  of  ZnO  in  the  composition. 
However,  the  magnitude  of  d33  Increased  for  compositions  containing  even  a  small 
amount  of  ZnO.  Addition  of  small  amounts  of  B2O3  in  L12S1205  reversed  the  sign  and 
increased  the  magnitude  of  d33.  This  Indicated  that  both  the  crystallization  behavior 
and  the  polar  orientation  were  Influenced  strongly  by  the  various  ionic  species  present 
in  the  parent  glass. 

A  typical  resonance  spectrum  observed  in  glass-ceramic  samples  is  shown  in  Fig.  2. 
The  electromechanical  properties  of  some  of  the  glass-ceramic  compositions  are  given  in 
Table  2.'4»1°  The  coupling  coefficients  kp  and  k*  of  Ba2TiGe208  glass -ceramics  are  com¬ 
parable  to  the  corresponding  values  of  single  crystals.  The  values  for  mechanical  qual¬ 
ity  'factor  0  are  comparatively  higher.  The  TCR  values  for  Li20-Si(to-B?03  glass-ceramics 
are  comparable  to  the  values  of  commonly  used  piezoelectric  materials  Tike  LiTa03  and 
LiNb03.  In  this  system,  the  strong  dependence  of  TCR  on  the  composition  of  the  parent 
glass  suggests  that  it  might  be  possible  to  reduce  TCR  further  by  a  suitable  choice  of 
the  composition  of  the  parent  glass.  In  addition,  by  employing  proper  heat  treatment 
cycles  for  crystallization,  it  is  possible  to  prepare  glass  ceramics  with  oriented 
crystallites  of  more  than  one  phase  from  the  glass  matrix.  Hence,  in  such  glass-ceramic 
systems,  composition  and  processing  parameters  are  the  extra  controlling  factors,  which 
can  be  exploited  to  tailor  the  properties  of  piezoelectric  resonators. 


TABLE  2 

Electromechanical  Properties  of  Glass  Ceramics 


Composition 

"p 

m»Hz 

Nt 

m-Hz 

kP 

0 

m 

kt 

0 

• 

Q 

TCR 

ppm/*C 

2Ba0-2Ge02-T102 

3100 

2500 

4.4 

7.5 

700 

95 

(O'-IOO'C) 

Ba^TIGe^Og  {single  crystal) 

2900 

2150 

6.2 

10.0 

650 

50 

(O'-IOO’C) 

L120-1.8S102-0.2B203 

4500 

— 

14 

— 

1000 

60 

(O'-IOO'C) 

LljO-l .33S102>0.66b203 

4200 

— 

9 

— 

400 

30 

(30*-60*C) 
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PYROELECTRIC  PROPERTIES 

The  pyroelectric  voltage  response  of  the  samples  measured  by  the  Chynoweth  technique 
are  given  in'  Table  1.  Pyroelectric  responses  from  grain  oriented  glass-ceramics  were 
typically  50%  of  the  responses  from  the  corresponding  single  crystals.  Lithium  boro- 
sil/icate  glass-ceramics  seen  very  promising  for  pyroelectric  applications.  A  strong 
pyroelectric  response  was  measured  from  glass  ceramics  of  composition  Li20-1 .8SIO2- 
O.2B2O3  and  was  comparable  to  the  signal  from  a  commercial  pyroelectric  such  as  LiTa03. 

For  pyroelectric  detectors  and  vidicon,  the  figure  of  merit  is  given  by  P/eoCpK 
where  p  is  the  pyroelectric  coefficient,  c  the  dielectric  constant,  p  the  density,  Cp 
the  specific  heat  and  K  is  the  thermal  conductivity  of  the  material.  The  dielectric 
constants  of  the  glass-ceramics  listed  in  Table  1  are  in  the  range  5  to  10  and  the 
densities  are  about  2-3  gms/cc.  A  high  figure  of  merit  could  be  possible  in  glass- 
ceramic  pyroelectric  detectors. 

SUMMARY 

Several  piezoelectric  and  pyroelectric  materials  can  be  prepared  in  the  glassy 
phase,  and  it  is  possible  to  prepare  large  area,  inexpensive  polar  glass  ceramics  by 
recrystallizing  the  glasses  under  a  strong  normal  temperature  gradient.  Electrical 
properties  of  glass  ceramics  are  less  sensitive  to  the  chemical  impurities  and  the 
defects  in  the  samples.  The  piezoelectric  and  pyroelectric  properties  of  the  glass 
ceramics  can  be  tailored  to  the  desired  requirements  by  recrystallizing  the  multicom- 
ponentgl asses  using  a  proper  temperature  cycle.  Pyroelectric  and  electromechanical 
properties  of  glass  ceramics  are  comparable  to  their  properties  in  the  single  crystal 
form.  Such  composite  elements  may  be  useful  for  device  applications  based  on  flexural 
resonance  mode,  in  pyroelectric  detectors,  for  resonators,  and  in  SAW  devices.  The 
process  for  preparing  glass  ceramics  is  amenable  to  mass  production. 
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Pyroelectric  glass-ceramics  of  composition  Ba2TiGe208  and  Ba2TiSi208  were  prepred  by 
crystallizing  the  glasses  in  a  temperature  gradient.  High  pyroelectric  responses  up  to  50% 
of  the  single-crystal  values  were  observed  because  of  the  high  degree  of  orientation  of  the 
crystallites  in  the  glass-ceramic  samples.  The  piezoelectric  and  dielectric  properties  of  the 
glasses  and  the  glass-ceramics  are  also  consistent  with  the  properties  of  the  single  crystals. 


1.  Introduction 

Pyroelectric  lithium  disilicate  glass-ceramics  have 
recently  been  prepared  by  growing  highly  orien¬ 
tated  surface  layers  of  lithium  disilicate  crystals 
by  crystallizing  the  glasses  of  stoichiometric  glass 
compositions  Li20  ■  2Si02  in  a  temperature  gradi¬ 
ent  [  1  ].  This  technique  provides  a  method  of  fabri¬ 
cating  laTge  and  inexpensive  pyroelectric  devices. 
However,  one  difficulty  encountered  in  working 
with  the  lithium  disilicate  pyroelectric  glass-ceramic 
was  that  thin  targets  (of  thickness,  d  <  200  pm)  cut 
perpendicular  to  the  growth  direction  (the  polar 
c-axis  of  Li2Si20j)  were  extremely  fragile  and 
could  not  be  prepared  routinely. 

In  this  study  pyroelectric  glass-ceramics  of 
barium  titatnium  silicate  (BTS:  Ba2TiSi208  or 
fresnoite)  and  barium  titanium  germanate  (BTG: 
Ba2TiGe208)  are  described,  the  physical  properties 
of  which  are  superior  to  LijSi205.  Thin  sections 
of  these  glass-ceramics,  less  than  100  pm  in  thick¬ 
ness,  can  easily  be  prepared  since  they  are  mech¬ 
anically  much  stronger.  Glass-ceramics  of  BTG 
and  BTS  were  prepared  by  crystallizing  glasses  of 
stoichiometric  compositions  of  BTG  and  a  silica- 
rich  composition  (64Si02-36BaTi03)  of  BTS  in 
a  thermal  gradient.  The  dielectric  and  pyroelectric 
properties  were  measured  and  compared  with  the 
properties  of  single  crystals. 

In  the  single-crystal  form  fresnoite  belongs  to 

*J.  T.  Baker  Chemical  Co..  Phillipsburii.  SJ,  LSA. 

+  Fisher  Scientific  Co..  Phillipsbura.  NJ.  USA. 
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the  crystallographic  point  group  4mm  and  is 
pyroelectric  [21.  Ba2TiGe208  is  reported  to  be  a 
ferroelastic  [3,4]  below  810°  C  and  belongs  to  the 
orthorhombic  polar  point  group  mm2.  In  the 
paraelastic  phase  above  the  transition  temperature, 
Tc,  BTG  also  belongs  to  the  tetragonal  point 
group  4mm. 

Glass-ceramics  in  the  BaTiOj-SiOj  system  have 
been  previously  investigated.  Herczog  [5]  studied 
the  crystallization  of  BaTiOj  in  a  silicate  glass 
matrix.  Dielectric  and  electro-optic  measurements 
on  transparent  glass-ceramics  containing  ferro¬ 
electric  BaTi03  in  a  glass  matrix  have  also  been 
reported  [6].  However,  the  primary  interest  in 
these  materials  has  been  concerned  with  the 
dielectric  and  electro-optic  properties  of  the  glass- 
ceramics.  and  in  the  ferroelectric  nature  of  BaTi03 
crystallites  surrounded  by  a  glass  matrix.  In  these 
studies  no  efforts  have  been  made  to  develop 
glass-ceramics  containing  orientated  crystallites. 
The  present  study  describes  the  preparation  and 
characterization  of  glass-ceramics  containing 
orientated  crystallites  of  the  pyroelectric  (but 
non-ferroelectric)  BTS  and  BTG  phases. 

2.  Experimental  details 

Glasses  of  composition  64Si02  •  36BaO  •  36TiO; 
were  prepared  by  mixing  reagent-grade  silicic 
acid*,  barium  carbonate'*’  and  titanic  oxade:. 


0022  — 2461/81/041023— 06  S02. 60. 0  ©  Chapman  and  Hail  I.  tJ. 


1023 


followed  by  melting  in  a  globar  furnace.  Fresnoite 
has  a  high  melting  point  (1400°  C)  and  thus,  it 
was  difficult  to  obtain  bubble-free  glasses  of  the 
stoichiometric  composition.  To  avoid  this  problem, 
a  composition  was  selected  which  lies  near  the 
eutectic  point  on  the  silica-rich  side  of  the 
BaTi03—  SiOj  binary  phase  diagram  [7],  This 
composition  lies  well  within  the  range  of  glass 
formation  in  the  BaTiOj— SiOj  system. 

In  the  case  of  BTG,  reagent-grade  barium 
carbonate,  germanium  oxide*  and  titanic  oxide 
were  mixed  and  melted  in  the  furnace.  In  both 
cases,  the  melts  were  maintained  at  1375°  C  for 
24  hours  for  fining  and  homogenization.  Trans¬ 
parent  samples  were  obtained  by  pouring  the  melt 
into  a  graphite  mould.  The  samples  which  crys¬ 
tallized  during  pouring  of  the  melt  were  remelted 
and  poured  again  into  the  graphite  mould  in  order 
to  ensure  transparent  glass  samples.  All  the  glass 
samples  were  annealed  at  600°  C  for  1 2  hours  and 
then  cut  and  polished  in  the  form  of  thick  disks 
in  preparation  for  the  crystallization  studies.  To 
determine  the  crystallization  temperatures  of  the 
glass  compositions,  differential  thermal  analysis 
(DTA)  measurements  were  performed  on  the  glass 
samples.  Exothermic  peaks  were  observed  at 
860°  C  in  the  case  of  BTS  and  at  800®  C  in  the 
case  of  BTG,  as  shown  in  Fig.  1 . 

Crystalization  was  carried  out  in  a  temperature 
gradient  by  placing  the  polished  glass  samples,  in 
the  form  of  thick  disks,  on  a  microscope  hot 
staged  The  temperature  gradient  near  the  hottest 
temperature  zone  was  perpendicular  to  the  surface 
of  the  sample  and  it  was  estimated  to  be  about 
100°  Cmm'1.  Typical  heating  cycles  used  for 
glass  crystallization  are  shown  in  Fig.  2.  The 
heating  cycle  consisted  of  an  initial  rapid  rise  in 
temperature  to  minimize  volume  nucleation, 
followed  by  a  slow  increase  in  temperature  at  a 
rate  of  about  3°Cmin'1.  After  reaching  the 
maximum  crystallization  temperature  (1100°  C  for 
BTS  and  1000°  C  for  BTG),  the  samples  were 
held  at  this  temperature  for  24  hours.  The  tem¬ 
perature  was  then  decreased  rapidly  to  room 
temperature.  The  thicknesses  of  the  crystallized 
portions  of  the  glasses  ranged  from  1  to  2  mm, 
depending  on  the  heating  cycle. 

The  degree  of  preferred  orientation  of  the 


Figure  1  DTA  heating  curves  of  (a)  BTG  and  (b)  BTS 
glasses. 


glass-ceramic  was  evaluated  from  X-ray  diffracto¬ 
meter  patterns.  X-ray  diffraction  (XRD)  patterns 
were  recorded  on  surfaces  normal  to  the  direction 
of  the  temperature  gradient  (Fig.  3).  The  XRD 
patterns  were  compared  with  the  standard  powder 
diffraction  patterns  to  determine  the  relative 
degree  of  orientation.  The  dielectric  constants  of 
glass  and  glass-ceramic  disks  were  measured  with  a 
capacitance  bridge.  The  piezoelectric  behaviour 
parallel  to  the  crystallization  direction  was  studied 
using  a  t^j-meter.*  The  samples  were  thinned 
down  to  about  200  #rm  in  thickness  and  the  pyro¬ 
electric  response  was  measured  by  the  dynamic 
Chynoweth  technique  [8]  at  a  modulating  fre¬ 
quency  of  4  Hz.  The  pyroelectric  signals  on  glass- 
ceramics  were  compared  with  the  responses  from 
single  crystals  of  the  BTG  and  BTS.  The  densities 
of  BTG,  BTS  glasses  and  glass-ceramic  samples 
were  determined  by  a  mercury  porosimeter^  and 
compared  with  the  densities  of  single  crystals. 

3.  Results  and  discussion 

Table  I  summarizes  the  data  for  the  glass  and 
glass-ceramic  samples.  Single-crystal  values  are  also 
listed  for  comparison. 

X-ray  powder  diffraction  patterns  of  the  crys¬ 
tallized  samples  showed  that  the  principal  crystal¬ 
lized  phases  were  fresnoite  in  the  BTS  glass- 
ceramics  and  BajGejTiOg  in  the  BTG  glass- 
ceramic  samples.  A  few  low-intensity  peaks  of  an 
unidentified  phase  were  observed  in  the  powder 
diffraction  patterns  of  both  compositions.  The 
samples  showed  highly  orientated  crystal  growth 
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Figure  2  Heating  cycles  used  for  crystallizing  (a)  BTC  and 
(b)  BTS  glasses. 


in  a  direction  parallel  to  the  temperature  gradient, 
with  the  polar  c-axis  perpendicular  to  the  hot 
surface  of  the  sample.  As  shown  in  Fig.  4,  the 
002  reflection  was  the  strongest  in  the  X-ray 
patterns  of  the  crystallized  surfaces.  The  ratio  of 
the  intensity  of  the  00  2  peak  to  that  of  the  2 1 1 
peak  was  taken  as  a  measure  of  the  relative  degree 
of  orientation.  The  intensity  ratios  are  given  in 
Table  I.  Comparison  of  the  intensity  ratios  in  the 
glass-ceramic  samples  with  the  intensity  ratios  of 
a  standard  powder  pattern,  showed  a  high  degree 
of  orientation  of  the  crystallites  in  the  glass- 
ceramics.  An  even  higher  degree  of  orientation 
was  obtained  in  the  samples  with  good  surface 
finish. 


The  degree  of  preferred  orientation  in  crys¬ 
tallized  samples  of  BTS  and  BTG  was  similar  to 
that  observed  previously  [1]  in  Li2Si5Os.  It  was 
observed  that  the  degree  of  orientation  of  the 
crystallites  in  the  isothermally  crystallized  glass- 
ceramics  was  poor  compared  to  the  samples 
crystallized  in  a  temperature  gradient.  In  addition, 
detailed  studies  of  the  microstructure  of  the 
crystallized  samples  showed  that  the  thickness  of 
the  well-orientated  region  was  larger  in  the  case 
of  samples  crystallized  in  a  temperature  gradient, 
indicating  that  thermal  gradient  crystallization  is 
preferable  for  obtaining  well  orientated  glass- 
ceramics. 

The  main  reason  for  the  orientation  of  the 
crystallites  is  surface-nucleated  crystallization 
which  takes  place  in  both  the  isothermal  and  tem¬ 
perature-gradient  crystallization.  A  higher  degree 
of  electrical  and  crystallographic  orientation  is 
obtained  in  the  temperature-gradient  crystalliz¬ 
ation  method  due  to  the  absence  of  volume 
nudeation;  however,  in  the  case  of  isothermal 
crystallization,  the  orientation  of  the  crystallites 
is  limited  to  a  layer  only  a  few  micrometers  thick 
due  to  the  simultaneous  occurrence  of  volume 
nucleation.  Atkinson  and  McMillan  [9]  attempted 
to  produce  a  LijSi2Os  glass-ceramic  with  an 
aligned  microstructure  by  a  hot-extrusion  method. 
They  were  partially  successful  in  obtaining  glass- 
ceramic  samples  with  the  disilicate  crystal  crys- 
tallograpnically-aligned  parallel  to  the  extrusion 
axis.  However,  the  degree  of  orientation  of  the 
crystallites  was  less  than  that  obtained  in  glass- 
ceramic  samples  prepared  by  crystallizing  the 
glasses  in  a  temperature  gradient  [1  ]. 

The  density  of  BTG  glass  was  about  the  same  as 


TABLE  1  Summary  of  data  for  glass  and  glass-ceramic  samples 


Sample 

X-ray  intensities, 
f  (00  2) 
f  (2  1  1) 

Dielectric 

constant, 

(• 

Dissipation 

factor* 

Density 

(g  cm'1) 

(x  10,!CN'‘) 

Pyroelectric 

response 

BTG  glass 

— 

17 

0.003 

4.74 

50%  to  60% 

BTG  glass-ceramic 

85 

15.0 

0.002 

4.56 

5  to  7  1 

of  single* 

Ba,Ge,TiO,  single  crystal 

0.2 

(standard 
powder  pattern) 

*.,  =  20 
*:,  =  20 
*,.=  13 

0.003 

4.84 

8 

ays  tal 
value 

BTS  glass 

— 

15 

0.002 

4.01 

50%  to  60% 

BTS  glass-ceramic 

15 

12.5 

0.002 

3.90 

2  to  3  1 

of  single* 

Ba,Si,TiO,  single  crystal 

0.2 

(standard 
powder  pattern) 

*11  =  *13  =  ^ 

0.003 

4.45 

3.8 

/ 

crystal 

value 

•Measurements  were  made  at  1  MHz  for  the  glass  and  glass-ceramic  andat  1  kHz  for  single  crystals. 
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Oirtction  of 
crystallization 


Surface  of  tht  glass 
sample  in  contact 
with  hot  stags 


Oirtction  of 
polar 

orientation 


Figure  3  The  direction  of  polar  orientation  in  glass- 
ceramic  samples. 


Figure -i  X-ray  diffraction  pattern-  of  i.ii  Ba  Ge.TiO.  -tanuard  powder  diffraction  pattern,  (b)  BTG  glass-ceramic. 
(C)  8a.TiSi.Cf  standard  powder  diffraction  pattern,  and  id)  BTS  elass-ecraniic. 
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lization,  the  dielectric  constants  of  the  glass- 
ceramic  samples  show  a  slight  decrease;  the  dielec¬ 
tric  constant  measured  in  the  crystallization 
direction  is  closer  to  the  e3-values  of  the  single 
crystals.  This  is  consistent  with  the  fact  that  the 
c-axis  is  the  preferred  orientation  direction  in  the 
glass-ceramic,  as  indicated  by  X-ray  diffraction 
analysis. 

The  loss  tangent  factors  of  the  glass-ceramics 
were  similar  to  those  measured  on  single  crystals. 

Piezoelectric  coefficients,  diit  measured  in  the 
crystallization  direction  in  glass-ceramics  were 
comparable  to  the  single-crystal  da  coefficient 
values  reported  (2—4]  for  BTS  and  BTG.  Opposite 
faces  of  the  sample  gave  opposite  signs  for  the 
piezoelectric  constant.  The  large  magnitude  of 
djj-values  and  its  sign  reversal  suggest  that  the 
crystallites  in  the  glass-ceramics  are  not  only 
orientated  along  the  c-axis  in  the  crystallization 
direction,  but  that  most  of  the  crystallites  have 
the  same  polarity  as  well.  The  fact  that  the  de¬ 
values  remained  constant  over  the  entire  surface 
of  the  glass-ceramic  testifies  to  the  uniformity  and 
the  homogeneity  of  the  samples. 

As  in  the  previous  study  of  lithium  disilicate 
[1 J,  it  was  observed  that  the  temperature  gradient 
dictated  both  the  electrical  and  crystallographic 
alignment.  In  all  samples  the  polar  orientation  was 
antiparallel  to  the  direction  in  which  crystalliz¬ 
ation  proceeds  into  the  glass,  with  the  positive 
end  of  the  dipole  pointing  toward  the  high- 
temperature  end  of  the  sample,  as  depicted  in 
Fig.  3.  There  may  be  several  causes  for  the  polar 
alignment  of  the  crystallites.  One  possible  cause  is 
the  existence  of  high  local  electric  fields  resulting 
from  surface  pyroelectric  charges  [10].  These  local 
electric  fields  might  dictate  the  orientation  of  the 
dipoles  as  crystallization  proceeds  into  the  glass. 
A  second  possible  cause  is  the  nature  of  the  sur¬ 
face  chemistry.  It  is  known  that  low  charge  cations 
such  as  Li*  or  Ba1*  migrate  to  the  surface  upon 
heating  [11].  This  higher  surface  concentration 
of  cations  could  influence  the  nature  of  both  the 
crystallization  and  polar  orientation.  It  is  possible 
that  as  the  crystallization  proceeds  into  the  bulk 
of  the  glass,  starting  from  a  cation-rich  surface, 
the  positive  end  of  the  dipole  moments  in  the 
crystallites  will  be  directed  toward  the  hot  surface. 

The  pyroelectric  response  on  the  glass  ceramics 
was  studied  by  the  dynamic  Chynoweth  method. 
Pyroelectric  voltage  responses  of  between  50  and 
60%  of  the  single-crystal  vaJues  were  obtained 


reproducibly  with  the  glass-ceramic  samples.  The 
sign  of  the  pyroelectric  coefficient  is  negative  for 
BTG  single  crystals  and  positive  for  BTS.  A  similar 
difference  in  sign  was  observed  with  glass-ceramics. 
For  a  simple  pyroelectric  detector,  the  figure 
of  merit  is  given  by  p/e,  where  p  is  the  pyro¬ 
electric  coefficient  and  e  is  the  dielectric  permit¬ 
tivity.  The  pyroelectric  coefficients  of  single 
crystals  of  Ba2TiGej08  and  BajTiSiiOj  are  3  and 
10MCm'JOC_l,  respectively  [12].  Since  the 
dielectric  constants  of  the  glass  ceramics  are  com¬ 
parable  with  those  of  single  crystals,  it  can  be  con¬ 
cluded  that  the  pyroelectric  coefficients  of  the 
glass-ceramics  are  of  the  same  order  of  magnitude 
as  those  of  the  single  crystals.  Specimens  of  100  to 
500  pm  in  thickness  were  studied  during  pyro¬ 
electric  tests.  Samples  of  large  surface  area  and  less 
than  100  pm  in  thickness  were  mechanically  strong 
and  gave  reproducible  results,  suggesting  their  use 
as  pyroelectric  detectors. 

4.  Conclusions 

Glass-ceramics  of  composition  Ba1TiGe2Os  and 
Ba2TiSi2Os  were  prepared  by  crystallizing  the 
glasses  in  a  temperature  gradient.  The  glass- 
ceramics  show  preferred  orientation,  with  the 
polar  c-axis  parallel  to  the  temperature  gradient. 
Pyroelectric  responses  up  to  50%  of  the  single¬ 
crystal  values  were  observed  on  these  glass-ceramic 
samples.  Measurement  of  the  density,  dielectric 
constant,  and  piezoelectric  constant  gave  results 
comparable  to  the  reported  single-crystal  proper¬ 
ties. 
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Abstract  Experimental  Procedure 


Piasoalactric  barium  germanium  titanata  and 
lithium  borosilicate  glass-ceramics  ware  prepared 
by  crystallizing  tha  glasses  in  a  temperature 
gradient.  The  piezoelectric  constants  electro¬ 
mechanical  coupling  factors  and  elastic  constants 
of  the  glass-ceramics  vara  measured  by  tha  reso¬ 
nance  method.  Some  of  che  glass-ceramics  exhibit 
high  electromechanical  coupling  factors  and  low 
temperature  coefficient  of  resonance  making  them 
of  interest'  as  temperature  compensated  resonators. 


Introduction 


Several  nonferroelectrlc  polar  glass-ceramics 
have  been  studied  from  the  point  of  view  of  their 
application  in  piezoelectric  devices  and  pyro¬ 
electric  detectors*''*3.  It  has  been  shown  that  it 
is  possible  to  prepare  glass-ceramics  with  good 
crystallographic  and  polar  orientation  by  crystal¬ 
lizing  che  glasses  in  a  temperature  gradient  results 
lag  in  glass  ceramics  with  reasonably  good  piezo¬ 
electric  properties.  Detailed  studies  of  the  piezo¬ 
electric  properties  of  barium  germanium  citanate3 
and  lithium  borosilicate^  glass  ceramics  showed 
that  the  piezoelectric  properties  of  these  glaas- 
ceramics  are  comparable  to  chose  of  cowsonly  used 
piezoelectric  materials.  Some  glass  ceramics  in 
the  L120-S102-B203  system  showed  high  electrome¬ 
chanical  coupling  coefficients  and  low  temperature 
coefficient  of  resonance  (TCR)4.  It  has  been  sug¬ 
gested  that  because  of  their  good  electromechanical 
properties  and  a  high  degree  of  crystallographic 
orientation  near  che  glass-ceramic  surfaces , 
lithium  borosilicate  glass -ceramics  might  find  an 
application  in  SAM  devices4. 


Glass  ceramic  piezoelectrics  can  be  easily 
fabricated  in  large  sizes  and  their  properties  can 
be  optimized  by  adjusting  the  glass  composition  and 
processing  perameters. 


In  che  present  paper  we  report  elastic  and 
piezoelectric  measurements  on  fresnolte  (BajSiiTiOs) 
glass  ceramics  and  a  few  compositions  in  che 
Li20*’S102'-B203  system.  Piezoelectric,  elastic  and 
electromechanical  coefficients  of  glass  ceramics  of 
composition  B*2Ge2Ti08  (BGT) ,  B*2G*2Ti0S'“B*2sl,2'Ii08 
solid  solution  (BGST)  with  excess  silica,  and  Li02~ 
(2-x)Si02-xB203  glass-ceramics  here  investigated  by 
resonance  methods.  The  measured  values  are  compared 
with  che  reported  properties  of  B*2G*2Ti08  and 
Ba2Si2T108  single  crystals . 


The  procedure  followed  for  preparing  glass- 
ceramics  with  oriented  crystallites  is  essentially 
che  same  as  chat  reported  in  earlier  studies*-3. 

The  glass  samples  were  prepared  by  mixing  reagent 
grade  chemicals  in  che  desired  molar  ratio  and 
melting  in  a  platinum  crucible,  using  a  globar 
furnace.  The  glass  samples  were  crystallized  in  a 
temperature  gradient  by  placing  polished  glass 
disks  on  a  microscope  hot  stage*.  Details  con¬ 
cerning  the  heating  cycles  employed  during  crystal¬ 
lization  of  the  glasses  can  be  found  in  references 
1-3.  The  crystalline  phases  in  the  glass-ceramic 
samples  were  Identified  from  x-ray  powder  diffrac¬ 
tion  patterns. 

Piezoelectric  constant  d33  parallel  to  the 
crystallization  direction  was  measured  using  a 
d33-m*ter**.  For  resonance  studies,  samples  were 
prepared  in  tha  form  of  circular  disks  8  mm  in 
diameter  and  0.3  to  0.6  an  in  thickness.  Gold 
electrodes  were  sputtered  on  the  polished  surfaces. 
Resonance  behavior  in  the  thickness  mode  and  planar 
mode  were  investigated  using  a  spectrum  analyzer7. 
The  resonance  frequency  constants,  electromechani¬ 
cal  coupling  factors  and  mechanical  quality  factor 
Q  were  determined  by  measuring  the  resonance  and 
anti  resonance  frequencies.  From  these  values, 
some  of  the  elastic  and  piezoelectric  coefficients 
were  calculated.  The  temperature  coefficient  of 
resonance  (TCR)  was  evaluated  by  measuring  the 
resonance  frequency  as  a  function  of  temperature  at 
intervals  of  5*  in  the  temperature  range  -20  to 
100*C. 

Results  and  Discussion 


The  crystalline  phases  identified  from  the 
x-ray  powder  diffraction  patterns  are  listed  in 
Table  1,  along  with  the  densities  and  dielectric 
constants.  All  the  crystalline  phases  belong  to 
polar  point  groups ,  and  hence  che  piezoelectric 
properties  of  the  glass-ceramic  are  not  diluted  by 
inactive  phases.  The  densities  and  dielectric 
constants  of  BGT  and  BGST  glass-ceramics  are  in 
close  agreement  with  chose  of  Ba2G*2TiOg  and 
Ba25i2Ti0g  single  crystals. 


*E.  Leitz,  Inc.,  Rochleigh,  NJ, Model  No.  493. 
••Channel  Products,  Chasterland,  OH,  Model  CPDT  3300 
•■•Hewlett-Packard,  Loveland,  CO,  Model  3585A. 
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Table  1. 

^Physical  Properties  of  Glass-Ceramics 


Comooaltion 

Crystalline* 

Phases 

Dielectric 

constant 

e33/e0 

3 

ttm/  cm 

2Ba0-ZG«02-Ti02  (BGT) 

b2tg2 

15 

4.8 

2Ba0- 2S10 , -G«0 T10 ,  (BGST) 

B2TG2  +  B,TS, 

10.3 

4.3 

4  6  4 

U20-1.8S102-0.2B203 

(solid  solution) 
ls2  +  lb2  +  IS 

9 

2.3 

U20-1.33Si02-0.66B203 

LSj  +•  LBj  +  LS 

8 

2.3 

8a2G«2T10g  (Single crystal) 

— 

13 

4.84 

Ba2Si2T10g  (single  crystal) 

— 

11 

4.45 

•Abbreviation  for  Pbuu:  B2TG2  •  Sa2G«2Ti08,  SjIS,  ■  Sa-Si-TiOg,  IS, 
Li20-2S102,  LB2  -  U20-2a203,  LS  -  Li20-Si02. 
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As  mentioned  earlier,  the  glass -car  amice  pre¬ 
pared  by  crystallizing  chs  glaaaea  In  a  ceaperacure 
gradient  show  a  high  degree  of  crystallographic 
orientation  parallel  co  che  ceaperacure  gradient. 
Needle-like  crystallites  grow  froa  the  hoe  face 
deep  into  che  sample  along  che  direction  of  che 
ceaperacure  gradient?-*"*.  The  c-axea  of  ehe  cry s  tai¬ 
lless  show  preferred  orlencadon  buc  ehe  a  or  b  do 
00c.  The  alignaenc  of  che  polar  c -axes  is  responsi¬ 
ble  for  che  pyroelectric  and  piezoelectric  pro¬ 
perties  of  che  glass  ceramics.  The  properties  of 
che  glass  ceraaics  are  isotropic  in  che  plane 
perpendicular  co  che  c-axas  of  che  crystallites . 

A  ferroelectric  ceramic  material  prepared  by 
conventional  sintering  methods  is  non-piezoelectric 
even  chough  che  individual  crystals  aay  be  strongly 
piezoelectric .  To  convert  che  ceramic  into  a 
piezoelectric,  it  is  necessary  co  pole  che  ceramic 
with  an  external  eleccdc  field*. 

Thus  ehe  symmetry  of  a  poled  ceramic  body  is 
<aa  and  for  piezoelectric  and  elastic  phenomena  this 
is  equivalent  co  hexagonal  symmetry  6  an.  Since 
che  polar  glass-ceramics  with  odanced  crystallites 
and  che  poled  ceramics  both  have  only  one  polar 
direcdon,  che  symmetries  are  che  same  (®m) .  The 
independent,  non-zero  elastic,  piezoelectric  and 
dielectric  constants  for  this  symmetry  are  $u, 

*12.  *13.  *33-  *55-  **31  •  d33*  *15;  £u  and  e33. 
Additional  non  zero  coefficients  are  relaced  co 
chese  by  symmetry  relations . 

The  values  of  piezoelectric  d  cotfficiencs, 
che  elsadc  constants  and  che  electromechanical 
coupling  cosfficiencs  of  the  glaas- ceramics  era 
given  in  Table  2.  The  values  of  piezoelectric  d 
cosfficiencs  and  elastic  coefficients  of  BGT  and 
BGST  glass-ceramics  are  comparable  co  the  values 
of  3*20*2X103  B*2Si2Ti0s  single  crystals,  from 
which  ws  conclude  chat  chsrs  are  no  substantial 
dlffarsncaa  in  Che  elesclc  behavior  of  the  glasa 
and  crystalline  phases  in  the  glass-ceramics. 

The  electromechanical  coupling  coefficients 
kt  and  kp  of  BGT  glass-ceramics  ars  lover  then  th* 
corresponding  values  of  Ss2G«2T103  single  crystal^, 
buc  those  of  BGST  glaas-ctramics  ars  slightly 


higher.  Th*  planer  coupling  kp  of  Li20-1.8S102' 
O.2B2O3  glass  ceramic  4  is  higner  chan  LiTa03  ai 
ocher  coononly  used  piezoelectric  materials.  T1 
mechanical  quality  factors  Q  are  surprisingly 
high  for  the  glass-ceramics  (300-1000) . 


A  typical  rssonanca  spectrum  observed  in 
glaaa-ceramlc  samples  is  shown  in  Figure  1,  and 
plot  of  relative  resonance  frequency  Afg  as  a 
function  of  temperature  is  shown  in  Figure  2, 
where 

Af. 


fT*fRT 


kR 


RT 


Here,  fT  is  the  resonance  frequency  sc  temper atul 
T  and  fRT  is  che  resonance  frequency  ec  room 
temperature.  The  temperature  coefficients  of 
rssonanca  (TCR) ,  calculated  from  th*  slops*  of 
Afg  vs  T  plots  ars  listed  in  Table  2. 


The  TCR  values  of  BGT  and  BGST  glees-ceramit 
ars  larger  then  those  of  either  Bs2G«2T103  and 
Ba2Sl2T108  single  crystals.  For  lithium  boro- 
slllcace  glass  ceramics  th*  TCR  values  are  com¬ 
parable  co  chs  values  of  coononly  used  piezo¬ 
electric  single  cryscals4.  TCR  of  L120-1.33S102- 
0.66-B203  glass-ceramic  is  30  ppm/*C  in  chs 
temperature  range  20-60*C  (Fig.  2),  che  useful 
operating  rang*  for  oosc  piezoelectric  devices. 


Th*  strong  dependence  of  chs  electromechani¬ 
cal  coupling  coefficients  and  TCR  on  the  composi¬ 
tion  of  the  parenc  glass  suggests  chat  further 
improvements  in  che  properties  are  possible  by 
suitably  modifying  the  composition.  In  addition, 
chs  amount  and  orisncaclon  of  th*  different 
crystalline  phases  can  b*  controlled  by  smplylng 
suitable  hast  crsscmsnc  cycles  providing  another 
controlling  factor  co  tailor  che  properties  of 
glass-ceramics . 


Sugary 


The  piezoelectric  coefficients  and  elastic 
constants  of  several  piezoelectric  glass-ceramics 
were  measured  by  resonance  methods.  It  Is  possib 
to  fabricate  large  inexpensive  glass-ceramic 
piezoelectric  devices  with  substantial  electro¬ 
mechanical  coupling  factors  and  low  TCR.  The 
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d33xlG"12C/N 


d31xIO"l2C/N 


*^2XlO"22m2/N 


*66x10“i2s2/M 


C33xlG2,2N/tt2 


B*2<3«2Ti08  BCST  B*2<i«2Ti08  B*2Si2TiOa  U20-1.8SiO~  IU2O-X  .33Si02* 

Glaas-Caramic  Glass-Ceramic  Single  Crystal  Single  Crystal  0.2B2Q3  O.bbBjOj 


Figure  1.  Resonance  spectrua  for  1120-1.85102' 
0.2B203  (horizontal  scale  ■  6.8  kHz 
vertical  ■  5  dB) . 

piezoelectric  properties  of  the  glass-ceramics  are 
comparable  to  those  of  single  crystals,  and  can  be 
optimized  by  proper  choice  of  composition  and  heat 
treatment.  The  glass-ceramic  piezoelectric 
materials  may  be  useful  in  temperature  compensated 
bulk  resonators,  in  SAW  devices  and  in  flexural 
mode  resonators. 


TXMPmratz  (•« 


Figure  2.  Relative  resonance  frequency  as  a 
function  of  temperature  for  LiiO- 
1 . 33Si02~0 .06B2O3 • 
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Glass-ceramics  of  composition  BajGe2Ti08  with  oriented  crystallites  were  prepared  by 
crystallizing  the  glasses  in  a  temperature  gradient.  The  degree  of  preferred  orientation 
of  the  crystallites  as  a  function  of  depth  was  studied.  Piezoelectric  resonance  properties 
of  both  the  glass-ceramics  and  the  single  crystals  were  studied.  The  piezoelectric  d33 
coefficient,  the  frequency  constants  and  the  electromechanical  coupling  coefficients  of 
the  glass-ceramic  were  comparable  to  the  single-crystal  values. 


1.  Introduction 

A  technique  for  fabricating  glass-ceramics  of 
lithium  disilicate  (Li20  *  2Si02)  and  barium 
germanium  titanate  (Ba2Ge2Ti08;  BGT)  has  been 
reported  in  our  earlier  studies  [1-3].  It  was 
observed  that  the  crystallization  behaviour  of 
glass-ceramics  is  influenced  strongly  by  the  heating 
cycle  employed  during  the  crystallization  of  the 
glasses.  Two  kinds  of  heat  treatments  were  investi¬ 
gated:  (a)  heating  under  uniform  isothermal 
environment  and  (b)  heating  with  temperature 
gradients  across  the  sample.  Detailed  studies  of  the 
microstructure  and  X-ray  diffractometer  patterns 
of  the  crystallized  samples  showed  a  considerable 
degree  of  crystallographoc  mentation,  in  both 
cases.  However,  the  piezoelectric  <Z33  values  and 
the  pyroelectric  responses  of  BGT  glass-ceramics 
prepared  under  the  temperature  gradient  were 
much  higher  than  the  respective  properties  of  the 
samples  prepared  in  isothermal  conditions,  indi¬ 
cating  a  strong  polar  orientation  in  the  samples 
prepared  by  the  turner  method.  In  addition,  the 
dJ3  value  of  the  BGT  glass-ceramic  was  comparable 
to  ’hat  of  single  crystals.  These  facts  led  us  to 
investigate  the  piezoelectric  properties  of  BGT 
glass-ceramic  in  greater  detail. 

Barium  germanium  titanate  is  a  non-ferro- 
electric-ferroelastic  [4]  below  810®  C,  belonging 
to  the  orthorhombic  polar  points  group  mm2.  In 
the  paraelectric  phase  above  810°  C  it  is  in 
tetragonal  point  group  4  mm.  Some  of  the  elastic 


and  piezoelectric  properties  of  BGT  single  crystals 
have  been  reported  [4-5],  but  detailed  investi¬ 
gations  of  the  piezoelectric  properties  have  not 
been  carried  out.  Single  crystals  of  BGT  have  been 
grown  by  Czochralski  and  Bridgman  techniques. 
However,  the  Bridgman  technique  yields  a  poor 
quality  crystal,  and  Czochralski-grown  crystals 
often  contain  a  small  cloudy  core,  perhaps  asso¬ 
ciated  with  radial  microcracks.  Frequently  the 
crystals  contain  microtwin  domains.  Hence,  it  was 
felt  that  it  might  be  useful  to  investigate  the 
piezoelectric  properties  of  BGT  glass-ceramics.  In 
the  case  of  several  piezoelectric  materials,  which 
can  be  prepared  easily  in  the  form  of  glass,  it  is 
possible  that  simple  glass-ceramic  processing  tech¬ 
niques  could  be  useful  in  making  large-area  non- 
ferroelectric-piezoelectric  resonant  elements. 

Since  the  thickness  of  the  highly  oriented 
region  in  the  glass-ceramic  depends  on  the  heating 
cycle  employed  for  crystallization,  a  systematic 
study  to  obtain  well-oriented  samples  of  desired 
thickness  has  been  carried  out.  Also,  in  the  present 
study,  the  piezoelectric  resonance  properties  of 
BGT  glass-ceramic  and  single  crystal  are  compared. 
To  our  knowledge  this  is  the  first  time  that 
the  resonance  properties  of  non-ferroeiectnc- 
piezoelectric  glass-ceramics  have  been  reported. 

2.  Experimental  details 

The  procedure  for  preparing  BGT  glass-ceramic 
with  oriented  crystallites  is  essentially  the  same 
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as  reported  in  the  previous  study  [3].  The  glass 
samples  were  prepared  by  mixing  reagent  grade 
chemicals  in  the  required  stoichiometric  proportion 
and  melting  in  a  globar  furnace.  Differential  thermal 
analysis  (DTA)  measurements  indicated  that  the 
crystallization  temperature  of  the  glass  was  800°  C. 
The  glass  samples  were  crystallized  in  a  temperature 
gradient  by  placing  the  polished  glass  samples  in 
the  form  of  thick  discs  on  a  microscopic  hot  stage* 
An  alumina  substrate  (0.3  mm  thick)  was  placed 
below  the  glass  samples  to  provide  a  uniform  tem¬ 
perature  gradient  in  the  vertical  direction.  Heating 
cycles  slightly  different  from  the  previous  study 
[1]  were  used  to  compensate  for  the  reduction  in 
temperature  near  the  hot  face  due  to  the  alumina 
substrate.  Three  types  of  heating  cycles  were  used, 
as  shown  in  Fig.  1 .  The  heating  cycle  (a)  consisted 
of  an  initial  rapid  rise  in  temperature  to  minimize 
volume  nucleation,  followed  by  a  slow  increase  in 
temperature  at  a  rate  of  about  3°  C  min-1 .  After 
reaching  the  maximum  temperature  (1040°  C),  the 
samples  were  held  at  this  temperature  for  24  h. 
The  temperature  was  then  decreased  rapidly  to 
room  temperature.  Cycle  (b)  was  the  same  as 
Cyc.c'  (a),  except  that  it  included  a  two-hour 
nucleation  step  at  840°  C.  Cycle  (c)  represents 
isothermal  crystallization  carried  out  in  a  furnace, 
with  no  temperature  gradient.  The  thickness  of 
the  crystallized  portions  of  the  glasses  ranged 
from  1  to  2  mm  in  the  case  of  heating  cycles  (a) 
and  (b). 

The  degree  of  preferred  orientation  of  the  glass- 


ceramic  was  evaluated  from  X-ray  diffractometer 
patterns,  recorded  on  surfaces  normal  to  the  direc¬ 
tion  of  the  temperature  gradient  [3).  The  X-ray 
diffraction  patterns  of  the  glass-ceramics  prepared 
by  following  the  above  three  types  of  heating 
cycles  were  compared  with  the  standard  powder 
patterns  to  determine  the  relative  degree  of 
orientation. 

The  piezoelectric  constant  d 33  parallel  to  the 
crystallization  direction  was  determined  using  a 
d u -meter. ^  For  resonance  studies,  samples  in  the 
shape  of  circular  discs  of  dimensions  approxi¬ 
mately  2  .5  to  3  mm  diameter  and  0.5  to  0.7S  mm 
in  thickness  were  prepared.  From  single-crystal 
samples  grown  by  Czochraiski-pulling  along  the 
c-axis,  circular  discs  were  prepared  in  a  similar 
way,  with  the  c-axis  perpendicular  to  the  major 
faces.  Gold  electrodes  were  sputtered  onto  the 
polished  surfaces.  Resonance  behaviour  in  the  pure 
thickness  mode  and  planar  modes  was  studied  by 
the  resonance  and  anti-resonance  method  using  a 
spectrum  analyser.*  The  resonance  frequency 
constants,  the  electromechanical  coupling  factors 
and  the  mechanical  quality  factor  Q  were  deter¬ 
mined  both  for  the  glass-ceramic  and  the  single- 
crystal  samples  by  measuring  the  resonance  (fT) 
and  anti-.esonanee  (/,)  frequencies.  The  tempera¬ 
ture  coefficient  of  the  resonance  frequency  in  a 
thickness  mode  was  studied  by  measuring  the 
resonance  frequency  at  intervals  of  5°  C. 

3.  Results  and  discussion 
3.1.  Crystallization  behaviour 
The  glass-ceramic  samples  showed  highly  oriented 
growth  of  crystallites  in  a  direction  parallel  to  the 
temperature  gradient,  with  the  polar  c-axis  per¬ 
pendicular  to  the  hot  surface  of  the  sample  [3]. 
The  002  reflection  was  the  strongest  in  the  X-ray 
diffraction  patterns  of  the  crystallized  surfaces. 
The  ratio  of  the  intensity  of  the  0  0  2  peak  to  that 
of  the  2  1  1  peak  was  taken  as  a  measure  of  the 
relative  degree  of  orientation.  The  intensity  ratios 
were  measured  for  glass-ceramic  samples  at  various 
depths  from  the  surface  facing  the  hotter  tempera¬ 
ture  zone  by  polishing-off  successive  layers.  Fig.  2 
shows  the  variation  of  /002/^iu  as  a  function  of 
depth  for  the  glass-ceramic  samples  prepared  by 
following  the  three  different  heating  cyc*es  men¬ 
tioned  earlier.  In  general,  a  high  degree  of  orien- 
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Figure  2  The  degree  of  preferred  orientation  as  a  function 
of  depth  for  different  heating  cycles. 


Even  though  the  samples  crystallized  iso- 
thermally  (Cycle  c)  exhibited  crystallographic 
orientation  to  a  certain  extent,  these  samples  had  a 
lower  d33  (3  to  4  x  10"12  CN“l)  compared  to  the 
samples  crystallized  in  a  temperature  gradient 
(5  to  7  x  10*I:  C  N'1)  (Cycle  a),  indicating  that 
crystallization  in  a  temperature  gradient  leads  to  a 
better  polar  orientation  also.  However,  the  highest 
degree  of  orientation  was  observed  in  the  case  of 
samples  prepared  by  following  Cycle  (a),  which 
did  not  include  the  intermediate  nucleation 
step.  Also,  the  depth  of  oriented  region  was  much 
greater  in  this  case. 

Hence,  for  studying  the  piezoelectric  properties 
of  the  glass-ceramics,  the  samples  were  prepared 
by  crystalling  the  glasses  according  to  the 
Cycle  (a).  All  the  piezoelectric  properties  of  the 
glass-ceramic  samples  mentioned  in  this  paper  refer 
to  the  glass-ceramic  samples  prepared  by  following 
Cycle  (a). 


tation  is  observed  in  all  the  cases,  at  a  depth  of 
about  100 Mm  from  the  high-temperature  face.  In 
all  three  cases  it  was  observed  that  the  flatness  of 
the  glass  surface  was  lost  after  crystallization. 
Hence,  it  is  possible  that  the  apparent  reduction  in 
the  degree  of  orientation  observed  near  the  high- 
temperature  face  is  due  to  the  unevenness  of  the 
glass-ceramic  surface  after  crystallization  rather 
than  to  the  actual  misorientation  of  the  crystallites 
near  the  hot  face.  This  was  evident  from  the  fact 
that  the  fooz/fju  ratio  showed  a  maximum  value 
at  a  depth  where  the  surface  of  the  glass-ceramic 
became  completely  flat  after  polishing.  As  is  to  be 
expected,  the  samples  prepared  by  following  the 
Cycle  (b),  which  included  a  nucleation  step 
also,  showed  a  poor  degree  of  orientation  com¬ 
pared  to  the  samples  prepared  by  following  the 
Cycles  (a)  or  (c). 


3.2.  Piezoelectric  properties 
Resonance  spectra  for  the  thickness  mode  are 
shown  in  Fig.  3  for  both  the  glass-ceramic  and 
single -crystal  samples.  Resonance  in  the  planar 
mode  was  weak  compared  to  the  resonance  signal 
in  the  thickness  mode.  Resonance  spectra  in  the 
radial  mode  are  shown  in  Fig.  4.  The  radial  mode 
of  vibration  was  very  weak  for  the  glass-ceramic 
samples.  This  is  not  surprising,  since  the  crystallites 
in  the  glass-ceramics  are  oriented  only  along  the 
c-direction,  there  being  no  preferred  orientation 
along  the  a-  or  b-axes.  In  addition,  there  is  a  glassy 
phase  surrounding  the  crystallites.  Both  these 
factors  might  be  responsible  for  the  weakening  of 
the  radial  mode  vibration  in  the  glass-ceramic 
samples.  In  Table  I,  the  measured  resonance 
properties  of  the  glass-ceramic  and  the  single 
crystal  are  summarized.  The  reported  values  for 


Figure  2  Resonance  spectra  in  the  thickness  mode,  (a)  BCT  glass-ceramic,  horizontal  scale  *  31  kHz:  fb)  BGT  single 
crystal,  horizontal  scale  *  3.06  kHz. 


Figure  4  Resonance  spectra  in  the  radial  mode,  (a)  BGT  glass-ceramic,  horizontal  scale  *  3  kHz;  fb)  BGT  single  crystal, 
horizontal  scale  *  1.1  kHz. 
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the  3-3  coupling  are  also  given  for  comparison. 
The  measured  values  of  <Vt  and  1:,  in  our  single¬ 
crystal  samples  were  higher  than  the  reported 
value.  This  is  perhaps  because  the  Czochralski- 
grown  crystals  used  in  our  experiments  were  of 
better  quality  than  the  crystals  used  in  previous 
studies  [41,  which  were  grown  by  the  Bridgman 
technique. 

The  variation  in  resonance  frequency  constant, 
Nx,  with  temperature  was  studied  in  the  tempera¬ 
ture  range  —  10  to  150°  C.  The  relative  resonance 
frequency  A/R  as  a  function  of  temperature  for 
both  the  glass-ceramic  and  single  crystal  is  plotted 
in  Fig.  5,  where 


4/k 


/t  ~/rt 
/rt 


Here  /T  is  the  resonance  frequency  at  temperature 
T  and  /RT  is  the  resonance  frequency  at  room 
temperature.  The  temperature  coefficients  of 
resonance  (TCR),  calculated  from  the  slopes  of 
A/r  against  T  plots  are  given  in  Table  I. 

The  electromechanical  coupling  factor  kx  was 
calculated  by  using  the  equation 


k\  =  [0r/2)/t//J  tan  [(tt/2) A///J . 

The  room-temperature  values  of  kx  are  given  in 
Table  I.  The  temperature  dependence  of  kx  is 
shown  in  Fig.  6.  For  single  crystal,  kx  is  practically 
constant  in  the  temperature  range  —  10  to  150s  C, 
increasing  slightly  with  temperature.  For  the  glass- 
ceramic,  kx  increases  slowly  with  temperature. 

Values  of  the  mechanical  quality  factor  Q  are 
given  in  Table  I.  Difficulties  were  encountered  in 
the  measurement  of  Q,  due  to  the  small  values  of 
capacitances  of  the  sample.  Spurious  resonance 
signals  were  observed  with  large-area  glass-ceramic 
samples.  Measurements  indicated  that  Ba2Ge2Ti08 
has  a  high  Q  of  about  700. 

The  temperature  coefficients  of  resonance  of 
some  of  the  commonly  used  piezoelectric  materials 
[7]  are  given  in  Table  II  for  comparison.  The  TCR 
of  Ba2Ge2TiOg  single  crystals  is  comparable  to 
that  of  Ba2Si2Ti08.  It  has  been  reported  [8,9] 
that  Ba2Si2TiOg  (fresnoite)  is  a  good  candidate 
material  for  surface  acoustic  wave  (SAW)  devices. 
The  shear-mode  piezoelectric  surface  wave  of 
Ba2Si2TiOg  has  a  coupling  coefficient  k2  =0.0053. 


TABLE  I  Piezoelectric  properties  of  Ba,Ge,TiO,  determined  by  the  resonance  method 

Property  Glass-ceramic  Single  crystal  Reported  values 

in  the  3-3  mode 


«»/«o  15 

(X  lO"’  CN")  5-7 

Frequency  constant  Nx  (Hz  m)  2500 

Thickness  coupling  coefficient  kx  0.075 

Mechanical  quality  factor  Q  700 

Temperature  coefficient  of  resonance, 

1  *fr 

Ttt = - -(ppm  l0C)  95 

ft  tT 

Frequency  constant  .Vp  (Hz ml  3100 

Planar  coupling  coefficient  k7  9.044 
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Figure  5  Relative  resonance  frequency  as  a  function  of 
temperature. 

which  is  three  times  larger  than  that  of  quartz 
(Jtl  *  0.0014).  It  has  a  small  TCR  (38  ppm/0  C  for 
A'-cut  and  ^-propagation)  and  a  small  surface 
velocity.  The  SAW  characteristics  of  fresnoite  can 
be  further  improved  by  partial  substitution  of  Sr 
for  Ba  (i.eM  Baj.^Sr^TLSijOg),  with  almost  no 
change  in  the  electromechanical  coupling  factor 
[101.  Pot  Z-cuts  with  <1  1  0)  propagating  waves, 
the  TCR  drops  from  51  to  21  ppm /°  C  at  a  Sr 
concentration  of  x  »  0.8,  which  is  comparable  to 
the  TCR  of  LiTaOj .  BGT  also  exhibits  large  elec¬ 
tromechanical  coupling  in  a  pure  thickness  shear 
mode  with  values  of  kVJ  =»  0.27  and  »  0.31. 
The  SAW  characteristics  of  Ba2GejTiOj  single 
crystal  are  to  be  explored  and  this  aspect  needs 
further  study. 

The  TCR  of  BGT  glass-ceramics  is  about  95  ppm/ 
0  C,  which  is  higher  than  the  single-crystal  value. 
However,  further  studies  are  necessary  to  explore 
the  possibilities  of  fabricating  BGT  glass-ceramics 
with  unproved  temperature  compensation,  by 
controlled  crystallization  of  the  BGT  glasses,  and 
by  modifying  the  composition  of  the  glasses.  The 
present  studies  demonstrate  the  possibility  of 
preparing  glass-ceramic  piezoelectric  resonant 
elements  with  reasonably  good  piezoelectric 
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Figure  6  Variation  of  Jlct  with  temperature. 

properties  from  a  non-ferroelectric-peizoeiectric 
material.  Piezoelectric  glass-ceramics  in  which 
the  crystalline  component  has  tetragonal  or 
higher  symmetry  should  have  a  high  degree  of 
homogeneity  in  properties  for  the  surface  per¬ 
pendicular  to  the  polar  crystallite  axis  and  in 
consequence  should  show  strong  radial  coupling. 
Such  systems  may  have  application  in  SAW 
devices. 

Under  controlled  crystallization  a  desired 
thickness  of  the  thin  glass  plate  can  be  crystallized 
into  a  glass-ceramic  layer  and  such  composite 
elements  may  be  useful  for  device  applications 
based  on  flexural  resonance  modes. 

4.  Conclusion 

Glass-ceramics  of  composition  BajGejTiO*  were 
prepared  by  crystallizing  the  glasses  in  a  tempera¬ 
ture  gradient.  The  glass-ceramics  show  preferred 
orientation,  with  the  polar  c-axis  parallel  to  the 
temperature  gradient.  The  depth  of  the  oriented 
region  depends  on  the  heating  cycle  employed. 
The  piezoelectric  resonance  properties  of  the 
glass-ceramics  are  in  agreement  with  the  single- 
crystal  properties.  Measurement  of  piezoelectric 
d33  and  electromechanical  coupling  coefficients 


TABLE  II  TCR  of  some  piezoelectric  materials 


Material 

Orientation 

TCR  (ppm/“  C) 

Reference 

LiNbO, 

Quartz 

LiTaO, 

Ba,Si,TiO,  (+  10  to  +  60s  C) 

Ba,Ge,TiO,  (+  10  to  +  60’  C) 
Ba,Ge.TiO,  (glass-ceramic,  0-60°  C) 
(Bat.lSr,.,)Si.TiO,  (+  10  to  +  60°  C) 

Y -cut,  2-propagation 
ST-cut,  ^-propagation 
y-cut,  E-propagation 

1  X<ut,  f-p ropagation 
<Z-cut,U  l  0> 

Z<ut 

Z-surtaces 

Z-cut,  :1  1  0) 

94 

0 

35 

38 

SI 

48 

95 

21 

n 

(71 

(7! 

(71 

(9) 

Present  data 
Present  data 
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on  both  the  glass-ceramic  and  single  crystals  gave 
comparable  results.  We  suggest  that  in  the  case  of 
piezoelectric  materials  which  can  be  prepared  in 
the  form  of  glass,  it  is  possible  to  employ  simple 
glass-ceramic  processing  techniques  to  produce 
glass-ceramics  with  useful  piezoelectric  properties. 
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Piezoelectric  Properties  of  Lithium  Borosilicate  Glass  Ceramics 
A.  Halliyal,  A.  S.  Bhalla,  R.  E.  Newnham,  and  L.  E.  Cross 


s.V 

kv 

\V 

k:* 

> 

t  ■ . 
k:- 


s 


l''- 

* 


H 


4 


Piezoelectric  properties  of  lithium  borosiiicate  glass  ceramics 
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Glass  ceramics  in  the  system  Li20-Si02-B:03  with  oriented  crystallites  were  prepared  by 
crystallizing  the  glasses  in  a  temperature  gradient.  Piezoelectric  and  electromechanical  properties 
.  of  the  glass  ceramics  are  reported.  Some  of  the  compositions  exhibit  low  temperature  coefficient 
of  resonance,  comparable  to  LiTa03  single  crystals.  Advantages  of  fabricating  glass-ceramic 
piezoelectric  resonators  are  described  and  the  possibility  of  using  them  in  surface  acoustic  wave 
(SAW)  devices  is  suggested. 

PACS  numbers;  43.88.  +  q,  43.35.  +  d,  77.60.  +  v,  81.20.Pe 


INTRODUCTION 

Glass  ceramics  of  several  polar  piezoelectric  materials 
(lithium  disilicate- LSj,  barium  germanium  titanate-BGT 
and  barium  silicon  titanate-BST)  have  been  prepared  recent¬ 
ly  by  crystallizing  the  glasses  of  stoichiometric  composition 
in  a  temperature  gradient. 1-4  These  glass  ceramics  showed 
high  piezoelectric  and  pyroelectric  responses  due  to  the  high 
degree  of  crystallographic  and  polar  orientation.  The  piezo¬ 
electric  resonance  properties  of  BGT  glass  ceramics  have 
been  reported.4  The  piezoelectric  d3J  coefficients,  the  fre¬ 
quency  constants,  and  the  electromechanical  coupling  coef¬ 
ficients  of  the  BGT  glass  ceramics  were  comparable  to  the 
reported  single  crystal  values.  The  glass  ceramic  piezoelec¬ 
tric  elements  may  offer  several  potential  advantages  over  the 
respective  single  crystals.  Glass  ceramics  are  easier  to  fabri¬ 
cate  and  their  properties  are  less  sensitive  to  the  impurities 
compared  to  their  single  crystal  form.  Large  area  samples 
can  be  prepared  simply  by  crystallizing  large  area  glass  sam¬ 
ples. 

In  recent  years  piezoelectric  materials  have  become  of 
increasing  importance  in  the  field  of  surface  acoustic  wave 
(SAW)  devices.3  *  Low  temperature  coefficient  of  surface  ve¬ 
locities  and  high  electromechanical  coupling  are  desirable 
properties  for  a  material  to  have  to  be  ideally  suitable  for 
SAW  device  applications.  However,  an  undesirable  tradeoff 
between  temperature  coefficient  of  resonance  (TCR)  and 
electromechanial  coupling  factor  is  observed  in  most  of  the 
materials  presently  used  for  SAW  devices.  For  example,  ST- 
cut  a-quartz  exhibits  zero  TCR  but  shows  weak  electrome¬ 
chanical  coupling.  On  the  other  hand,  y-cut  z  propagating 
LiNbOj  shows  strong  electomechanical  coupling,  but  exhib¬ 
its  a  high  TCR  (94  ppm/"C).  Some  of  the  other  piezoelectric 
materials,  which  exhibit  good  piezoelectric  properties  for 
application  in  SAW  devices,  present  severe  crystal  growth 
problems.* 

It  has  been  shown  that  a  high  degree  of  crystallographic 
orientation  can  be  achieved  on  the  glass-ceramic  surfaces  by 
crystallizing  the  glass  samples  in  a  large  temperature  gradi¬ 
ent.4-7  Since  the  surface  waves  in  SAW  devices  are  generally 
limited  to  within  a  few  wavelengths  of  the  surface,  piezoelec¬ 
tric  glass  ceramic  materials  with  oriented  crystallites  near 
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the  surface  might  find  an  application  in  SAW  devices. 

In  this  paper  we  discuss  the  possibility  of  tailoring  the 
piezoelectric  properties  in  a  glass  ceramic  to  produce  reso¬ 
nance  elements  with  low  TCR.  Glass  ceramics  in  the  LLO- 
Si02-B,03  system  were  prepared  and  their  piezoelectric 
properties  were  studied.  The  temperature  coefficient  of  reso¬ 
nance  of  these  glass  ceramics  was  also  measured.  By  proper 
selection  of  the  glass  composition  and  processing  param¬ 
eters,  it  is  possible  to  prepare  glass  ceramics  with  oriented 
crystallites  of  more  than  one  phase  from  the  glass  matrix. 
This  provides  an  extra  controlling  factor  for  tailoring  the 
crystalline  phases  and  their  piezoelectric  properties.  The 
compositions  reported  here  are  (1)  Li20- 1 . 8SiCh-0.2B;O3 
and  (2)  Li2O-1.33SiO2-0.66B2O3,  where  the  proportions  are 
molar  ratios. 

EXPERIMENTAL  DETAILS 

The  detailed  procedure  for  preparing  glass  ceramics 
with  oriented  crystallites  is  described  elsewhere. 1-4  The  glass 
samples  were  prepared  by  mixing  reagent  grade  chemicals  in 
the  desired  molar  ratio  and  melting  in  a  platinum  crucible 
using  a  globar  furnace.  The  glass  samples  were  crystallized 
in  a  temperature  gradient  by  placing  the  polished  glass  sam¬ 
ples  in  the  form  of  thick  disks  on  a  microscope  hot  stage  (E. 
Leitz,  Inc.,  Rockleigh,  NJ,  Model  No.  493).  The  vertical 
temperature  gradient  normal  to  the  surface  of  the  sample 
was  estimated  to  be  about  100  *C  mm*1  near  the  hottest 
temperature  zone.  Heating  cycles  similar  to  those  described 
in  the  previous  studies1-4  were  used.  After  reaching  the  maxi¬ 
mum  temperature  (760  *C)  the  samples  were  held  at  that 
temperature  for  24  h.  The  temperature  was  then  slowly  de¬ 
creased  to  room  temperature.  The  crystalline  phases  in  the 
glass-ceramic  samples  were  identified  from  x-ray  powder 
patterns  of  crystallized  samples.  The  piezoelectric  constant 
dj j  parallel  to  the  crystallization  direction  was  measured  us¬ 
ing  a  d33-meter  (Channel  Products,  Chesterland,  OH,  Model 
CPDT  3300).  For  resonance  studies,  samples  in  the  shape  of 
circular  disks  of  0.8  cm  diameter  and  0.3-0.6  mm  in  thick¬ 
ness  were  prepared.  Gold  electrodes  were  sputtered  on  the 
polished  surfaces.  Resonance  behavior  in  the  radial  mode 
was  studied  by  the  resonance  and  antiresonance  method  us¬ 
ing  a  spectrum  analyzer  (Hewlett-Packard,  Loveland,  CO, 
Model  3585A).  The  resonance  frequency  constants,  the  elec¬ 
tromechanical  coupling  factors,  and  the  mechanical  quality 


2971 


J.  Appl.  Phys  53(4),  April  1992 


0021/8979/92/042871 -04S02.40 


5  1982  American  institute  of  Physics 


2871 


TABLE !.  Electromechanical  properties  of  LijO-SiO.-B.O)  glass  ceramics. 


Property 

Li.O- 1 .  SSiO;-0.2B:O, 

Li.O- 1 .3  3SiO,-0.66B;O, 

Crystalline  phases 

Li.Si.O,  +  Li.B.O,  -r  Li.SiOj(H') 

LuSisOj  +  U«B«Ot  *+■  Li:SiO,{  W\ 

Density  |g/cmJ) 

2.35 

2.33 

rfjjix  10-'1  C/N) 

6 

3 

Frequency  constant 
|Hz-m| 

4500 

4200 

Coupling  coefficient 
(*,) 

0.14 

0.09 

Mechanical  quality 
(0  factor) 

1000 

400 

factor  Q  were  determined  by  measuring  the  resonance  and 
antiresonance  frequencies.  TCR  in  the  planar  mode  was  de¬ 
termined  by  measuring  the  resonance  frequency  at  tempera¬ 
ture  intervals  of  5*. 

RESULTS  AND  DISCUSSION 

The  crystalline  phases  determined  by  x-ray  diffraction 
patterns  of  powdered  samples  are  given  in  Table  I.  In  the 
case  of  composition  1,  the  major  crystalline  phase  was  lith¬ 
ium  disilicate  (Li2Si209).  Small  amounts  of  lithium  metasili¬ 
cate  (Li2SiO})  and  lithium  tetraborate  (Li2B407)  were  also 
crystallized.  LijSLO,  phase  showed  a  high  degree  of  pre¬ 
ferred  orientation  in  a  direction  parallel  to  the  temperature 
gradient  with  the  polar  c  axis  perpendicular  to  the  hot  face  of 
the  sample.1  In  the  case  of  composition  2,  the  major  phases 
were  lithium  discilicate  and  lithium  tetraborate,  with  lith¬ 
ium  metasilicate  being  the  minor  phase  to  crystallize.  It  is 
interesting  to  note  that  all  three  phases,  Li2Si03,  Li2Si205> 
and  Li2B40T,  belong  to  polar  point  groups,  and  hence  the 
problem  of  diluting  the  piezoelectric  or  pyroelectric  proper¬ 
ties  with  an  inactive  phase  does  not  arise.  On  the  other  hand 
there  may  be  an  improvement  in  piezoelectric  and  pyroelec¬ 
tric  properties  due  to  the  additive  nature  of  properties  in  the 
glass-ceramic  composite. 

Resonance  spectra  of  the  radial  mode  are  shown  for 
both  compositions  in  Figs.  1  and  2.  The  piezoelectric  d33 
coefficient  and  other  electromechanical  properties  are  listed 


in  Table  I.  The  variation  in  resonance  frequency  [fK )  with 
temperature  was  studied  in  the  temperature  range  —  20- 
1 00  ‘C.  The  relative  resonance  frequency  AfR  are  plotted  as  a 
function  of  temperature  in  Figs.  3  and  4,  where 


Here,/r  is  the  resonance  frequency  at  temperature  T and  fRT 
is  the  resonance  frequency  at  room  temperature.  The  tem¬ 
perature  coefficients  of  resonance  (TCR),  calculated  from 
the  slopes  of  AfR  vs  T  plots,  are  given  in  Table  II  along  with 
the  TCR  values  and  coupling  coefficients  of  some  of  the 
commonly  used  materials  for  SAW  devices. 

The  piezoelectric  di3  coefficient,  the  frequency  con¬ 
stant  Np,  the  mechanical  quality  factor  Q  and  coupling  coef¬ 
ficient  were  larger  for  composition  1  than  for  composition 
2.  The  value  kp  (0. 14)  for  composition  1  is  slightly  higher 
than  the  value  reported  for  Li2B407  single  crystals  (maxi¬ 
mum  value  of  0.1 2). 

The  value  ofTCR  for  composition  1  is  about  60  ppm/*C 
in  the  temperature  range  —  20-35  *C  and  70  ppm/'C  in  the 
temperature  range  35-100  *C  (Fig.  3).  For  composition  2  the 
variation  of  resonance  frequency  with  temperature  is  inter¬ 
esting  (Fig.  4).  Below  room  temperature  (below  20  *C)  and  at 
higher  temperatures  (above  65  *C)  the  value  ofTCR  is  60 
ppm/'C.  Near  room  temperature  in  the  temperature  range 
20-65  *C,  which  is  the  useful  operating  range  for  most  of  the 


FIG.  1.  Resonance  spectra  in  the  radial  mode  for  Li.O-ISSiO.-O  2B;0,  at  FIG.  2.  Resonance  spectra  in  the  radial  mode  for  Li:O-l.33SiO;-0  66B;0. 

room  temperature  (horizontal  scale  m  6.8  kHz;  vertical  scale  «  3  dbl.  at  room  temperature  thonzontal  scale  »  14.9  kHz:  vertical  scale  *  2db' 
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FIG.  3.  Relative  resonance  frequency  ail 
a  function  of  temperature  for  Li20-  1 

t  8SiO:-0  2B:O,  glass  ceramic.  | 


piezoelectric  devices,  the  TCR  drops  down  to  a  low  value  of 
30  ppm/"C,  comparable  to  the  y-cut  TCR  of  LiTaOj  mea¬ 
sured  along  the  z  direction.  The  reproducibility  of  this  be¬ 
havior  was  verified  by  measuring  the  resonance  frequencies 
of  several  samples  during  both  the  heating  and  cooling  cy¬ 
cles. 

The  reported  values  of  the  surface-wave  coupling  factor 
k  f  for  several  single  crystals  and  the  measured  values  of 
planar  coupling  coefficient  k  p  of  glass  ceramics  are  also  giv¬ 
en  in  Table  II.  In  SAW  devices  surface-wave  coupling  coeffi¬ 


cient  is  an  important  factor,  indicative  of  large  bandwidth 
and  low  insertion  loss.  Generally  k,  is  determined  from  sur¬ 
face  velocity  measurements,  and  kp  is  calculated  from  radial 
mode  resonance  frequencies,  k,  and  kf  are  related  through 
the  piezoelectric  coefficients  and  dielectric  and  elastic  con¬ 
stants.  Materials  with  high  values  of  kp  generally  show  good 
SAW  electromechanical  coupling.6 

The  velocity  of  the  surface  wave  v,  is  given  by 
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FIG.  4.  Relative  resonance  frequency  as 
a  function  of  temperature  for  Li.O- 
l.33SiO;-0.66B;O,  glass  ceramic. 
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TABLE  II.  Electromechanical  coupling  coefficient  and  TCR  of  some  piezoelectric  materials. 


Materials 

Orientation 

A  J  or  A 

TCR 

ippm/*C) 

Reference 

Single  crystals 

LiNbO, 

y-c  ut,  1  prop. 

0.0486 

94 

9 

LiTaOj 

y-cut,  z  prop. 

0.0115 

35 

9 

Quartz 

•ST-cut,  x  prop. 

0.0014 

0 

9 

Ba.Ge.TiO, 

*<ut 

— 

48 

4 

BajSi-TiO, 

4: -cut,  y  prop. 

0.0046 

38 

9 

z-cut,  x  prop. 

0.016 

51 

(Ba,,Sra,)Si,TiO, 

z-cut,  ( 1 10) 

0.015 

21 

10 

LijBgOy 

r-cut,  x  prop. 

0.009 

52 

8 

a -cut,  z  prop. 

0.012 

Parabolic 

8 

Glass  ceramics 

Ba.Ge.TiO, 

2-CUt 

— 

95 

4 

LijO- 1 . 8SiOj-0. 2  B-O, 

(-20to3S*Q 

z-surfaces 

0.020 

60 

Present  work 

(35  to  100 ‘C) 

z-surfaces 

— 

70 

Present  work 

Li,0- 1 .33SiO2-0.66B,O) 

(  —  20  to  •+•  20  "C) 

z-surfaces 

— 

60 

Present  work 

(20  to  65*0 

z-surfaces 

0.008 

30 

Present  work 

(65  to  100  *C) 

z-surfaces 

— 

60 

Present  work 

mk  I  values  for  single  crystals  and  k  ‘  values  for  glass  ceramics. 


where  c  is  an  effective  elastic  constant  for  the  wave  and  p  is 
the  density.  The  operating  frequency  of  the  device  is  deter¬ 
mined  by  u, .  To  achieve  a  high  operating  frequency,  which  is 
desirable  in  many  SAW  devices,  u,  should  be  high,  which 
implies  that  the  density  of  the  material  should  be  low.  In  this 
respect  the  lower  density  of  glass  ceramics  (2.35  g/cm3  for 
composition  1  and  2.33  g/cm3  for  composition  2)  is  an  ad¬ 
vantage. 

The  strong  dependence  of  TCR  on  the  composition  of 
the  parent  glass  suggests  that  it  might  be  possible  to  reduce 
the  TCR  further  by  a  suitable  choice  of  the  composition  of 
the  parent  glass.  In  addition  the  amounts  of  LLSijO,  and 
LUB4O7  phases  in  the  glass  ceramic  can  be  controlled  by 
modifying  the  heat  treatment  cycles  employed  for  crystalli¬ 
zation.  Detailed  studies  on  the  preparation  conditions,  to- 
gehter  with  the  piezoelectric  and  pyroelectric  properties  of 
glass  ceramics  in  the  Li:0-Si0:-B;03  system  will  be  report¬ 
ed  in  due  course. 
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POLAR  GLASS  CERAMICS  -  A  NEW  FAMILY  OF  ELECTROCERAMIC  MATERIALS: 
TAILORING  THE  PIEZOELECTRIC  AND  PYROELECTRIC  PROPERTIES 


A.  Halliyal,  A.  S.  Bhalla  and  R.  E.  Newnham 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


ABSTRACT 

Grain  oriented  multicomponent  polar  glass-ceramics  have  been  pre¬ 
pared  by  crystallizing  the  glasses  in  a  temperature  gradient. 
Inexpensive,  large  area  piezoelectric  and  pyroelectric  devices 
can  be  fabricated  by  this  method,  and  by  adjusting  the  composi¬ 
tion  of  the  glasses  and  crystallization  conditions,  it  is  pos¬ 
sible  to  tailor  the  properties  to  meet  device  requirements. 

Based  on  the  growth  characteristics  and  the  connectivity  pattern 
of  the  crystallites,  the  piezoelectric,  pyroelectric  and  di¬ 
electric  properties  of  glass-ceramic  composites  can  be  predicted. 
Two  examples  discussed  in  this  paper  are  piezoelectric  glass- 
ceramics  which  are  not  pyroelectric,  and  pyroelectric  glass- 
ceramics  which  are  not  piezoelectric. 


Introduction 


In  the  past  decade,  several  glass  and  recrystallized  glass-ceramics 
belonging  to  the  ferroelectric  compositions  such  as  BaTiOj,  LiTaC>3,  LiNbC>3, 
Pb5Ge30j_j_,  PbTi03  and  sodium  cadmium  niobate  have  been  studied  (1-9).  The 
dielectric,  electro-optic,  piezoelectric  and  pyroelectric  properties  of  these 
compositions  have  been  reported.  Most  of  these  ferroelectric  glass-ceramics 
have  been  prepared  by  crystallizing  a  ferroelectric  phase  from  a  silica  or 
borate  rich  glass-matrix.  In  the  devitrified  glass-ceramics,  it  is  often 
difficult  to  electrically  pole  the  ferroelectric  phase  because  of  the  low 
dielectric  constant  of  the  residual  glassy  phase,  and  this  can  be  a  major 
limitation  in  fabricating  devices  with  ferroelectric  glass-ceramics. 

In  recent  years  a  number  of  glass-ceramics  have  been  prepared  in  which 
the  crystalline  phase  is  non-f erroelectric  but  yet  belongs  to  one  of  the 
polar  point  groups.  Detailed  studies  of  piezoelectric  and  pyroelectric 
properties  of  these  glass-ceramics  have  been  reported  (10-15)  and  they  ap¬ 
pear  to  be  interesting  candidate  materials  for  piezoelectric  resonators  and 
pyroelectric  detectors. 


These  glass-ceramics  with  oriented  crystallites  were  prepared  by  crystal¬ 
lizing  glasses  of  suitable  composition  in  a  large  temperature  gradient  (10-15). 
A  high  degree  of  crystallographic  and  polar  (electrical)  orientation  were 
achieved  during  recrystallization  of  the  glasses.  Unlike  ferroelectric  mate¬ 
rials  (both  single  crystals  and  ceramics) ,  the  electrical  domain  configuration 
of  the  nonf erroelectric  crystalline  phases  in  these  glass-ceramics  cannot  be 
switched  by  an  externally  applied  electric  field.  Thus  both  the  crystallog¬ 
raphic  and  polar  orientation  must  be  achieved  during  the  nucleation  stage  of 
the  devitrifiction  process,  and  remain  the  same  during  the  subsequent  growth 
of  crystallites.  Hence  in  these  nonf erroelectric  glass-ceramics,  the  temper¬ 
ature  gradient  is  the  vector  driving  force  for  polar  orientation  of  the  crys¬ 
tallites,  similar  to  the  externally  applied  electric  field  in  the  case  of 
ferroelectric  materials. 

In  many  ferroelectric  materials,  180°  domains  pose  a  problem.  The  ef¬ 
fective  piezoelectric  response  is  reduced  to  (l-2a)  of  that  of  a  single  domain 
single  crystal,  where  a  is  the  fraction  of  the  domains  with  opposite  orienta¬ 
tion.  Many  times  it  is  either  difficult  or  very  expensive  to  prepare  large 
area  single  domain  samples  for  practical  applications.  In  nonf erroelectric 
materials  there  will  be  no  aging  or  depoling  at  high  temperatures,  and  hence 
polar  glass-ceramics  have  potential  high  temperature  applications,  and  are 
easier  to  handle  during  device  fabrication  where  thermal  processing  is  often 
required.  Apart  from  single  crystals  or  oriented  thin  films  prepared  by 
special  sputtering  techniques,  the  polar  glass-ceramics  are  the  only  form  in 
which  nonf erroelectric  ceramics  can  be  utilized  in  electronic  devices.  These 
glass-ceramics  constitute  a  new  family  of  electroceramic  materials. 

In  the  present  paper,  we  describe  the  growth  behavior  of  various  crystal¬ 
line  phases  in  glass-ceramics  of  different  compositions,  and  discuss  several 
possible  combinations  of  piezoelectric  and  pyroelectric  properties  in  multi- 
component  glasses.  We  will  illustrate  the  possibility  of  tailoring  piezo¬ 
electric  and  pyroelectric  properties  of  these  glass-ceramics  by  adjusting  tho 
composition  and  degree  of  crystallinity. 


Experimental 


Glasses  of  different  compositions  were  prepared  by  mixing  reagent  grade 
chemicals  and  melting  in  a  platinum  crucible.  Glass-ceramic  samples  were  pre¬ 
pared  by  crystallizing  the  glasses  in  a  large  temperature  gradient  normal  to 
the  surface  of  the  glass.  The  details  of  the  sample  preparation  technique 
can  be  found  in  references  (10-12).  Microstructure  studies  indicate  that 
needle-like  crystals  grow  from  the  surface  into  the  bulk  of  the  sample  along 
the  direction  of  temperature  gradient.  The  crystalline  phases  in  the  glass- 
ceramic  samples  were  identified  from  x-ray  powder  patterns.  X-ray  diffraction 
peak  intensities  from  initial  crystallizing  surface  were  used  to  evaluate 
the  degree  of  preferred  orientation  of  the  crystallites. 

For  piezoelectric  and  pyroelectric  measurements,  sections  were  cut  normal 
to  the  temperature  gradient,  then  polished  and  coated  with  sputtered  gold 
electrodes.  Byer-Roundy  (16)  and  Chynoweth  (17)  methods  were  used  for  the 
pyroelectric  measurements.  Piezoelectric  d33  coefficients  were  measured  using 
a  d33  meter  and  the  electromechanical  properties  were  determined  by  standard 
resonance  techniques. 


Compositions  of  Che  Glasses  and  Growth  Habit 

The  composition  of  the  glasses  and  their  crystallization  temperatures 
are  given  in  Table  1,  along  with  dielectric  constants  and  piezoelectric  833 
coefficients.  The  crystalline  phases  in  glass-ceramics  and  their  point  group 
symmetries  are  also  listed.  Glass  forming  systems  (10-15)  which  give  glass- 
ceramics  with  desirable  properties  are  Li20-Si02»  Li20-B203,  Li20-Si02-B203 , 
Ba0-Si02~Ti02  and  Ba0-Ge02“Ti02-  The  crystalline  phases  recrystallized  from 
the  glasses  within  these  systems  are  L^S^Og,  L^SiOj,  H2B4O7,  Ba2TiSi20g 
and  Ba2TiGe20g.  One  or  more  crystalline  phases  are  obtained  depending  on  the 
composition  of  the  glass.  Glass  compositions  were  optimized  to  obtain  glass- 
ceramics  with  useful  properties  after  recrystallization  (10-12).  Piezoelectric 
properties  of  the  glass-ceramics  were  dependent  both  on  the  volume  fraction 
and  polar  orientation  of  the  crystalline  phases,  and  in  well-crystallized 


TABLE  1 

Compositions  of  Glasses  and  Their  Properties 


Composition 

Ter 

(°C)t 

Crystalline 

Phases* 

Dielectric 

Constant 

Piezoelectric 
Coeff  (833) 
(pC/N) 

Li20-2Si02 

585 

ls2 

6 

-1 

Li20-2Si02-0.1ZnO 

570 

ls2+lsz-k) 

6 

-3 

Li2O-2SiO2-0.2ZnO 

580 

ls2+lsz+q 

8 

-3 

Li2O-2SiO2-0.4ZnO 

590 

ls2+lsz+q 

10 

0 

Li,0-1.8Si0,-0.2B9O., 

605,630 

ls,+ls+lb7 

9 

+6 

Li,0-1.6Si09-0.4B90^ 

625,665 

LS?+LB?+LS 

8 

+3 

Li,0-1.95Si07-0.05  Fe^O^ 

600 

ls2+q 

— 

-3 

Li20-3B203 

580 

LB2+LB3 

— 

+3 

Li2O-1.8SiO2-0.1(ZnO,B2O3) 

580,670 

LS2+LSZ 

— 

-2 

B«iO~  G^Q  2  "“TiO^ 

800 

BTG 

15 

+7 

Ba0-1.8Si02-Ti02 

860 

BST 

13 

+3 

2Ba0-3Si02-Ti02 

930 

BST 

10 

+7 

2BaO-2SiO2-GeO2-Ti02 

860 

BSGT 

11 

+6 

*Abbreviat ' .n  for  phases  and  point  group  symmetry. 

LS-  -  Li„Si-0_ ,  mm2 

2  2  2  0 

BTG  -  Ba.TiGe„ 

2  i 

,°8> 

mm2 

LS  -  Li2Si03 ,  mm2 

BST  -  3a-TiSi„ 

2  t 

:°8  ’ 

4mm 

LB-  -  Li-3. 0- ,  mm2 

4  2  4  7 

3SGT  -  solid  solution  of  BTG  and  BST 

LB.  -  Li-B.O, - ,  non-centric 

3  2  6  10 

Q  -  Quartz 

LSZ  -  Li-ZnSiO, ,  non-centric 

2  *4 


< 


"Temperature  of  exothermic  peaks  in  DTA  runs. 


samples,  che  properties  were  comparable  in  magnitude  with  those  of  correspond¬ 
ing  single  crystals. 

The  sign  and  magnitude  of  the  piezoelectric  d33  coefficients  measured  on 
the  surface  from  which  crystallization  commenced  (which  is  towards  the  high- 
temperature  end  of  temperature  gradient  axis)  are  given  in  Table  1.  The  sign 
of  d33  and  the  polar  orientation  of  the  crystalline  phases  were  dependent  on 
the  composition  of  the  parent  glass  matrix.  For  the  sake  of  the  present  dis¬ 
cussion  we  define  the  growth  behavior  of  crystalline  phase  on  the  basis  of  the 
sign  of  d33  measured  on  the  initial  crystallizing  surface.  (The  sign  of  d33 
defined  in  this  way  is  different  from  the  actual  sign  of  d33  defined  according 
to  the  1949  IEEE  piezoelectric  convention).  Here,  the  same  sign  of  d33  for 
two  phases  means  that  the  orientation  of  dipoles  is  similar  in  both  the  phases. 

In  other  words,  both  phases  exhibit  identical  growth  habit.  The  sign  of  pyro¬ 
electric  coefficient  is  defined  as  follows.  If  on  heating  a  pyroelectric, 
positive  charges  develop  on  the  surface  towards  positive  d33  of  the  crystallites, 
.the  sign  of  pyroelectric  coefficient  is  positive.  The  above  convention  for  the 
signs  of  piezoelectric  and  pyroelectric  coefficients  will  be  followed  through¬ 
out  the  discussion  in  this  paper. 

Based  on  the  above  sign  convention  for  d33,  the  growth  behavior  of  all 
the  glass  compositions  listed  in  Table  1  can  be  divided  into  two  groups  as 
shown  in  Figure  1.  In  the  case  of  Ba2TiSi2C>3,  Ba2TiGe208,  Li20-B2C>3  and  L^O- 
Si02~B203  glass-ceramics  the  sign  of  £33  is  positive,  indicating  that  the 
positive  end  of  the  dipoles  points  toward  the  high  temperature  end  of  the 
sample.  In  the  case  of  Li20-Si02»  Li20-Si02“Zn0  and  Li20-Si02-Fe203  glass- 
ceramics,  the  sign  of  d33  is  negative,  indicating  that  the  negative  end  of  the 


Polar  c-axis  and  the  growth  behavior 
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FIG.  1 


Polar  Orientation-  two  types  of  growth  behavior. 


dipoles  point  toward  the  high  temperature  end.  There  are  several  possible 
reasons  for  this  growth  behavior  or  polar  orientation.  The  presence  of  B2O3, 
Z.nO  or  Fe2C>3  appears  to  influence  the  growth  habit  of  L^S^Os  crystallite, 
probably  by  controlling  the  surface  nucleation  sites.  The  presence  of  Li2SiC>3 
or  Li2B^0y  as  separate  phases,  which  also  belong  to  polar  point  groups  might 
also  be  influencing  the  growth  habit  of  L^S^Og.  In  any  case  the  present 
study  indicates  that  the  polar  orientation  of  crystallites  and  the  resulting 
piezoelectric  and  pyroelectric  properties  depend  on  the  composition  of  the 
initial  glass. 


Diphasic  Glass-Ceramic  Composites 

A  glass-ceramic  is  essentially  a  composite  of  a  glassy  phase  and  one  or 
more  crystalline  phases.  If  there  is  only  one  crystalline  phase,  it  can  be 
considered  a  diphasic  system  consisting  of  a  crystalline  phase  embedded  in  an 
amorphous  matrix.  X-ray  diffraction  and  microstructure  studies  of  glass- 
ceramics  indicate  that  the  oriented  region  of  crystallites  extends  deep  into 
the  sample  and  then  tapers  off  (12).  However,  not  all  the  crystallites  extend 
throughout  the  thickness  of  the  samples.  The  distribution  of  crystallites  can 
be  pictured  as  shown  in  Figure  2.  The  crystalline  and  glassy  phases  are  partly 
in  series  and  partly  in  parallel  connection.  As  the  grain  orientation  is  im¬ 
proved,  the  length  of  the  crystallites  increases  and  the  composite  approaches 
pure  parallel  connectivity. 


FIG.  2 

Idealized  microstructure  of  the  grain-oriented  glass- 
ceramics  and  its  equivalent  circuit. 


For  a  composite  consisting  of  two  phases,  one  dimensional  solutions  for 
dielectric,  piezoelectric  and  pyroelectric  properties  have  been  presented  for 
both  series  and  parallel  connectivity  (18,19).  The  results  are  summarized  in 
Table  2.  If  the  dielectric  constant,  piezoelectric  coefficient,  pyroelectric 
coefficient  and  volume  fraction  of  the  crystalline  and  glass  phases  are  de¬ 
signated  as  ^33,  ^>3,  ^v  and  ^£3,  ^33.  2V>  respectively,  expres¬ 

sions  for  £3,  ^33  and  P3  of  the  glass-ceramic  can  be  derived  by  making  certain 
simplifying  assumptions. 


2  2 

For  the  glass  phase,  d32  and  P3  are  equal  to  zero.  In  many  nonferro- 
electric  glass-ceramics,  the  dielectric  constants  of  crystalline  and  glass 
phases  are  roughly  the  same.  With  this  assumption  it  is  obvious  that  the  di¬ 
electric  constant  of  the  composite  is  the  same  for  both  series  and  parallel 
connections . 


TABLE  2 


Dielectric,  Piezoelectric  and  Pyroelectric  Properties  of  Diphasic  Composites 


Dielectric 

Permittivity 


Piezoelectric 

Coefficient 


Pyroelectric 
Coefficient  p^ 


Secondary 

Pyroelectric 

Effect 


Series 


Parallel 


1  2 
£3  S3 


1  2  .2  1 

v  e^+  v 


11  ,22 

V  +  V 


(1) 


11.2  22  1 

v  d33  s33+  v  d33  s33 

12  2  1 

V  S33+  V  S33 


(2) 


11  2  ,2  2  1 

v  p3  e3+  v  p3  e3 

12  ,2  1 

V  £3+  V  £3 


1  1 


2  2 


v  p3  +  v  p3 


(3) 


0  1  2  .2  1.  1  2.  w2  1  , 

2.  v  v(  e3  d31-  e3  d31) (  c^-  a1) 

.1  2  2  1  ,  rl  .2  ~2  .  2  .1  "I  77 

(  v  e3+  v  e3)[  v(  s13+  s12)+  v (  s11+  s12)] 


(series)  (4) 


1  2  .2  1  wl,  2J  N 

v  v<  »3-  a3H  d33-  d33) 

12  2  1 
v  s33+  v  s33 


where  coefficients  of  properties  of  phases  1  and  2  are 
1  2 

P3>  p3  *  pyroelectric  coefficients 
1  2 

^33’  ^33  *  Piezoe^ectric  constants 
1  2 

e3,  e3  *  dielectric  permittivities 

12  12  12  . 
s33’  s33’  sn’  sn’  S12’  s12  *  elastic  compliances 

1  2 

v,  v  ■  volume  fractions 
1  2 

a3>  a3  ■  expansion  coefficients 


(parallel)  (5) 


Further,  if  we  assume  that  the  elastic  compliance  of  crystalline  and 
glassy  phases  are  the  same  (^-833  *  ^s33)  *  the  expressions  for  d 3 ^  an<*  P3  1° 
Table  2  reduce  to  the  following  expressions  for  both  series  and  parallel  con¬ 
nectivity 


and 


(6) 


4  1 

d33  *  d33  V 

1  1  „v 

P3  *  P3  v.  (7) 

The  magnitudes  of  ^d,_  and  ^p.  of  the  crystalline  phase  itself  depend  upon  the 
degree  of  both  crystallographic  and  polar  orientation  of  the  crystallites, 
which  is  not  accounted  for  in  equations  (6)  and  (7).  We  can  conclude  that  in 
the  ideal  case  of  complete  crystallographic  and  polar  orientation  of  the 
crystallites,  the  magnitudes  of  d33  and  p3  of  the  composite  are  directly  pro¬ 
portional  to  the  percentage  of  crystalline  phase,  irrespective  of  whether  the 
crystallites  are  connected  in  series  or  parallel.  In  addition,  for  this  ideal 
case,  if  the  glass-ceramics  contain  a  very  high  percentage  of  crystalline 
phase,  the  values  of  d33  and  p3  approach  the  single  crystal  values  of  the 
crystalline  phase.  As  an  example,  the  pyroelectric  coefficients  of  fresnoite 
(Ba2liSi20g)  are  shown  in  Figure  3  for  both  single  crystal  and  polar  glass- 
ceramics,  The  lower  value  of  pyroelectric  coefficient  P3  of  glass-ceramic 
(about  75%  of  the  single  crystal  value)  can  be  accounted  for  by  the  lack  of 
perfect  orientation  of  the  crystallites.  The  piezoelectric  d33  coefficient 
of  the  glass-ceramic  is  also  about  75%  of  the  single  crystal  value. 


1.  6«-05 

<M 

E 

\ 

y  i.  2«~05 


u. 

o  a.  0«-06 

u 

a 

q : 

> 

CL  4.  0«-06 


0.  0a  00 

-20  0  20  40  60  80  100 

TEMP  (deg  C) 


FIG.  3 

Pyroelectric  coefficients  of  (a)  Ba2TiSi20g  single 
crystal  and  (b)  2Ba0-3Si02”Ti02  glass-ceramic. 


(a) 

(b) 


Multicomponent  Glass-Ceramic  Composites 


Most  of  the  glass  compositions  listed  in  Table  1  result  in  glass-ceramics 
with  several  crystalline  phases  after  recrystallization.  In  such  cases,  the 
crystallites  of  more  than  one  phase  may  be  oriented  parallel  (or  antiparallel) 
to  the  temperature  gradient.  If  we  assume  that  the  crystallites  of  two  or 


more  phases  preserve  their  characteristic  growth  habit  in  relation  to  the 
direction  of  temperature  gradient,  then  the  piezoelectric  and  pyroelectric 
properties  of  polar  glass-ceramic  containing  several  phases  can  be  predicted 
by  the  analysis  discussed  below.  For  simplicity,  an  analysis  for  glass-ceramic 
composites  containing  only  two  crystalline  phases  will  be  given  here,  recogni¬ 
zing  however,  that  the  analysis  can  be  extended  to  more  than  two  phases.  For 
the  signs  of  dj3  and  P3,  the  same  convention  will  be  followed  as  defined  in 
the  previous  section. 

Consider  a  polar  glass-ceramic  consisting  of  two  crystalline  phases. 

Let  the  dielectric  constant,  piezoelectric  coefficient,  pyroelectric  coeffi- 


,  pyroelectric  c 

cient  and  the  volume  fraction  of  the  two  phases  be  ^£3,  M33,  ^3,  and  ^£3, 
^33,  ^P3»  ^v»  respectively.  Let  us  assume  that  both  the  phases  have  similar 
elastic  compliances  (^833  ■  ^33)  and  thermal  expansion  coefficients,  thereby 
eliminating  any  secondary  contributions  to  the  pyroelectric  effect  (Table  2). 

To  further  simplify  the  analysis,  let  us  assume  that  the  properties  of  glass- 
ceramic  are  not  influenced  by  the  glassy  phase  (3v  *  0) .  Irrespective  of 
whether  the  crystalline  phases  are  connected  in  series  or  parallel,  we  get  the 
following  equations  for  the  properties  of  the  composite,  from  equations  (1), 

(2)  and  (3). 

I  i  ,  2  2 

£33  *  v  £3  +  v  £3  (8) 

II  2  2 

d33  *  v  d33  —  v  d33  (9) 

11  .  2  2 

P3  -  v  P3  ±  »  P3  (10) 

The  resultant  values  of  d33  and  P3  of  the  composite  depend  upon  the  sign 
and  magnitude  of  the  properties  of  individual  phases,  and  also  upon  the  volume 
fraction  of  the  individual  phases.  Since  ^33  and  ^33  can  be  positive  or 

negative  at  the  growth  end  and  ^3  and  ^3  can  be  positive  or  negative,  there 

are  16  possible  cases  of  d33  and  P3,  eight  of  which  are  listed  in  Table  3.  If 
we  consider  the  resulting  piezoelectric  and  pyroelectric  properties  of  the 
glass-ceramic,  these  16  cases  can  be  grouped  into  four  classes. 

The  crystalline  phases  have  the  same  growth  behavior  in  the  case  of  glass- 
ceramics  belonging  to  class  (a)  and  (b)  and  opposite  growth  behavior  in  cases 

(c)  and  (d) .  Depending  on  the  signs  of  pyroelectric  coefficients  ^3  and  ^3 
of  the  two  phases,  we  obtain  glass-ceramic  composites  with  completely  different 
piezoelectric  and  pyroelectric  properties.  Glass-ceramics  of  class  (a)  are 
fully  piezoelectric  as  well  as  pyroelectric  and  in  the  ideal  case  their  prop¬ 
erties  can  be  expected  to  approach  those  of  single  domain  single  crystal  mate¬ 
rials.  Glass-ceramics  of  class  (b)  are  fully  piezoelectric  but  only  partially 
pyroelectric  (or  non-pyroelectric)  because  of  the  opposite  signs  of  ^3  and  ^3. 
Glass-ceramics  of  class  (c)  are  both  non-piezoelectric  and  non-pyroelectric 
and  hence  are  not  of  much  interest  for  devices.  Class  (d)  glass-ceramics  are 
fully  pyroelectric  but  non-piezoelectric.  Glass-ceramics  of  classes  (b)  and 

(d)  are  interesting  for  piezoelectric  and  pyroelectric  device  applications 
where  the  interference  of  the  two  properties  may  be  a  problem,  as  will  be 
discussed  below. 


Examples  of  the  Four  Classes 


The  growth  behavior  of  glass-ceramics  of  different  compositions  has  al- 


Eight  Combinations  of  Piezoelectric  and  Pyroelectric  Properties 


Sign  of  d33  measured  on  the  Initial  crystallizing  surface.  Eight  more  combinations  can  be  obtained  with 
a  negative  d~~  sign  for  phase  I. 


ready  been  described.  This  knowledge  about  the  growth  habit  and  the  signs  of 
pyroelectric  coefficients  of  the  crystalline  phases  can  be  exploited  to  design 
compositions  which  give  glass-ceramics  with  properties  of  any  one  of  the  four 
classes  described  earlier. 

Glass-ceramics  in  the  systems  L^O-SiC^-ZnO,  Li20-Si02“Fe203,  and  L^O- 
Si02~B203  have  negative  pyroelectric  coefficient,  but  exhibit  opposite  growth 
behavior  (case  c).  Compositions  in  the  quaternary  system  Li20-Si02~Zn0-B203 
illustrate  the  reduced  pyroelectric  and  piezoelectric  effect  (Table  1)  char¬ 
acteristic  of  glass-ceramics  of  class  (c). 

Two  entirely  different  systems  were  used  to  prepare  glass-ceramics  with 
class  (b)  properties.  I^TiS^Og  an<*  Ba2TiGe20g  phases  crystallized  from 
glasses  of  composition  2Ba0-3Si02”Ti02  and  Ba0-Ge02_Ti02  respectively  showed 
similar  growth  habit,  but  opposite  signs  for  pyroelectric  coefficients.  A 
glass-ceramic  of  composition  2Ba0-2Si02_Ge02~Ti02  which  gave  a  solid  solution 
phase  after  recrystallization  had  almost  zero  pyroelectric  coefficient,  but 
piezoelectric  properties  remained  the  same  (Fig.  4).  A  similar  reduction  in 
pyroelectric  coefficient  of  fresnoite  glass  was  observed  when  a  small  amount 
of  (Li2O-1.8SiO2“0.2B2O3)  was  incorporated  in  the  fresnoite  composition  (Fig.  5). 
In  both  these  cases  there  is  no  appreciable  change  in  the  piezoelectric  prop¬ 
erties,  whereas  the  pyroelectric  properties  are  reduced  substantially  over  a 
wide  temperature  range.  The  properties  of  these  compositions  are  summarized 
in  Table  4. 
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FIG.  4 

Pyroelectric  coefficients  of  glass-ceramics  in 
the  fresnoite  system;  (a)  2Ba0-3Si02"Ti02,  (b) 
2BaO-2Si02-Ge02-Ti02  and  (c)  Ba0-Ge02-Ti02. 


Optimizing  the  Piezoelectric  and  Pyroelectric  Properties 

From  the  examples  given  in  the  previous  section,  it  is  dear  that  glass- 
ceramics  with  tailored  piezoelectric  or  pyroelectric  properties  can  be  pre- 
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FIG.  5 

Pyroelectric  coefficients  of  fresnoite  and  lithium 
borosilicate  glass-ceramics;  (a)  2Ba0-3Si02“Ti02 , 
(b)  2BaO-3 . 8SiO2-Li20-TiO2“0 • 2B203  and  (c)  Li20- 
1. 8SiO2-0. 2B2O3. 


TABLE  4 

Piezoelectric  and  Pyroelectric  Properties  of  Multicomponent  Glass-Ceramics 


COMPOSITION 


(pC/m2°X) 


a33 

(X10”12C/N) 


k  (%> 
P 


2Ba0-3Si02-Ti02 

Ba0-Ge02-Ti02 

2Ba0-2Si02-Ge02-Ti02 


2Ba0-3Si02-Ti02 

Li20-1.8Si02-0.2B203 

2Ba0-3.8Si02-Li20- 

Ti02-0.2B203 


pared  by  recrystallizing  multicomponent  glasses  of  suitable  composition.  The 
growth  habit  of  the  crystalline  phases  provides  a  means  to  tailor  the  piezo¬ 
electric  and  pyroelectric  properties  of  the  final  glass-ceramic  composite. 

Two  of  the  cases  discussed  above  look  especially  interesting  for  device  ap¬ 
plications  -  piezoelectric  glass-ceramics  which  are  non-pyroelectric  (case  b) 
and  pyroelectric  glass-ceramics  which  are  non-piezoelectric  (case  d) . 


In  piezoelectric  devices  used  in  ambient  conditions,  pyroelectric  noise 
is  usually  undesirable.  In  hydrophone  elements  fabricated  from  PZT-polymer 
composites,  for  instance,  such  noises  are  reduced  but  only  within  a  relatively 
narrow  working  temperature  range  (20). 


In  a  similar  way,  piezoelectric  noise  interferes  the  high  frequency  IR 
pyroelectric  signals.  In  some  cases  alternate  methods  are  used  to  eliminate 
the  interfering  piezoelectric  voltages  developed  in  such  devices.  In  the 
case  of  LiTa03  detectors,  piezoelectric  oscillations  are  damped  by  embedding 
the  pyroelectric  element  in  epoxy  (21);  and  in  PLZT  detectors,  piezoelectric 
noise  is  eliminated  by  modifying  the  electronics  (22).  Piezoelectric  oscil¬ 
lations  superimposed  on  the  pyroelectric  response  have  been  shown  to  have  an 
incubation  time  of  40-60  nsec,  and  occur  after  the  onset  of  pyroelectric 
signals  (<40  nsec).  Thus  the  piezoelectric  oscillations  occur  in  the  tail  of 
the  pyroelectric  response,  and  hence  might  be  cut  off  with  proper  electronics 
(22).  Hence  to  avoid  these  problems,  it  may  be  desirable  to  use  materials 
which  are  only  piezoelectric  or  which  are  only  pyroelectric.  Several  compo¬ 
sitions  can  be  formulated  from  Table  1,  satisfying  this  criteria. 

Piezoelectric_glass-ceramics  which  are  non-pyroelectric  should  satisfy  the 
relation  +  ^-v^pg  +  2v2p^  ■  0  (case  b) .  Referring  to  Table  4,  candidate  compo¬ 
sitions  can  be  found  in  the  solid  solution  of  I^S^TiOg  and  Ba2Ge2TiOg.  Piezo¬ 
electric  glass-ceramics  which  are  not  pyroelectric  would  be  useful  as  pressure 
sensors  that  are  insensitive  to  temperature  changes.  (Quartz  is  piezoelectric 
and  non-pyroelectric,  but  cannot  be  used  to  measure  pressure  changes  because 
dn  +  d22  +  <*33  *  0«  This  is  generally  true  for  all  piezoelectric  crystals 
belonging  to  non-pyroelectric  point  groups) . 


The  second  case  of  interest  is  pyroelectric  glass-ceramics  which  are  not 
piezoelectric  (case  d) .  Here  the  requirement  is  that  ^-v^dgg  -  ^v^dgg  *  0  should 
be  satisfied.  Candidate  compositions  may  exist  in  the  Li20-B203-Si02-Zn0 
quaternary  system  containing  different  amounts  of  ZnO  and  82O3.  Such  pyro¬ 
electric  materials  will  not  be  sensitive  to  mechanical  oscillations. 


Summary 


Glass-ceramics  of  non-ferroelectric  materials  in  which  the  crystalline 
phases  belong  to  polar  point  groups  were  prepared  by  recrystallizing  glasses 
of  suitable  composition  in  a  temperature  gradient.  The  growth  behavior  of  the 
crystallites  and  the  piezoelectric,  pyroelectric  and  dielectric  properties  of 
multicomponent  glass-ceramics  have  been  investigated.  The  studies  showed  that 

(1)  In  well  crystallized  glass-ceramics  piezoelectric  and  pyroelectric 
coefficients  are  comparable  to  those  of  single  crystals. 

(2)  The  growth  behavior  of  the  crystalline  phases  was  studied  by  measur¬ 
ing  the  sign  of  dgg  on  the  initial  crystallizing  surface.  The  polar  orienta¬ 
tion  or  the  growth  behavior  of  the  crystalline  phases  depends  on  the  composition 
of  the  glass. 

(3)  It  is  shown  that  the  piezoelectric  and  pyroelectric  properties  of 
multicomponent  glasses  can  be  predicted  from  the  growth  behavior  of  individual 


phases  and  the  signs  of  their  pyroelectric  coefficients.  The  possibility  of 
tailoring  the  properties  of  glass-ceramics  is  illustrated  by  a  number  of  ex¬ 
amples.  Two  of  the  cases  which  look  attractive  for  device  applications  are 
piezoelectric  glass-ceramics  which  are  non-pyroelectric  and  pyroelectric  glass 
ceramics  which  are  non-piezoelectric. 

(4)  The  glass-ceramic  elements  have  several  advantages  over  single  crys¬ 
tals  or  ferroelectric  materials;  they  are  inexpensive  and  large  area  elements 
can  be  prepared.  Also  these  materials  have  low  dielectric  constants  and  do 
not  show  aging  or  depoling,  and  hence  are  useful  for  high  temperature  appli¬ 
cations. 
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Abstract—  The  shape-memory  effect  has  been  investigated  in  ferroe 1 ectri c- 
refroeT asti c  PL2T  ceramic  samples  of  composition  6.5/65/35  by  bending  and  twisting 
experiments  and  temperature  cycling.  The  effect  of  an  electric  field  on  the  shape 
memory  produced  by  bending  is  also  examined.  During  the  course  of  these  experi¬ 
ments  some  additional  evidence  was  also  obtained  for  the  existence  of  a  region  of 
microdomains  (quasiferroelectricity)  between  the  normal  ferroelectric  and  para- 
electric  phases  of  the  PL2T  composition  investigated. 


INTRODUCTION 

The  shape-memorv  effect  (SME)  is  well  known  in  a  large  class  of  metal  thermal  rema¬ 
nent  recovery  alloys'.  A  bar  of  such  an  alloy,  when  deformed  plastically,  returns  to  its 
original  undeformed  shape  on  heating  to  a  temperature  above  the  recovery  temperature,  Tf. 
Apart  from  temperature  cycling,  mechanical  stress  is  the  only  variable  influence  usually 
employed  to  investigate  and  manipulate  the  SME  In  these  materials.  The  SME  can  occur  in 
nonmetallic  systems  also.  Of  special  interest  are  materials  which  are  simultaneously 
ferroel ectri c  and  ferroelastic.  Their  ferroelasttdty  ensures  that  recoverable  spontane¬ 
ous  strain  is  available  for  contributing  to  the  SME,  and  their  coupled  f erroel ectri c- 
ferroelastic  nature  implies  that  the  spontaneous  strain  can  be  manipulated  not  only  by 
applying  mechanical  forces,  but  also  by  electric  fields.  Such  materials  can  therefore  be 
expected  to  display  a  richer  variety  of  SME  behavior  than  the  alloys. 

(Pb,La)(2r,Ti )03,  or  PL2T,  is  a  particularly  important  ferroel ectri c-ferroel asti c 
3ME  material  because  of  Its  application  potential.  Usually  the  x/y/z  notation  is  used  to 
specify  its  composition,  where  y/z  is  the  Zr/Ti  ratio,  and  x  denotes  the  atomic  percent¬ 
age  of  la3*  ions.  Special  attention  has  been  paid  to  the  composition  of  x/65/35,  the 
ferroelastic  nature  of  which  was  first  demonstrated  by  Meitzler  and  0'8ryan2.  For  *>4.5 
it  displays  a  property  known  variously  as  penferroelectricity4,  quasiferroelectricity4, 
or  the  3-*a  transition*.  Above  the  Curie  temperature  Tc,  the  dielectric  behavior  Is  that 
of  a  normal  paraelectric,  but  normal  ferroelectric  behavior  is  not  observed  immediately 
below  Tc.  Instead,  microdomains  of  dimensions  shorter  than  the  wavelength  of  light  are 
believed  to  be  formed4.  Under  an  external  electric  field,  these  microdomains  are  thought 
of  as  transforming  into  macrodomains,  which,  however,  are  not  stable  and  revert  to  mic¬ 
rodomains  when  the  field  Is  removed.  The  experimentally  observed  "slim"  hysteresis  looos 
are  cited  as  evidence  in  favor  of  this  model4.  If  the  specimen  is  cooled  well  below  Tc 
wnile  under  the  action  of  the  electric  field,  the  macrodomains  stay  even  when  the  field 
is  switched  off,  and  normal  ferroelectric  properties,  in  particular  "fat1'  hysteresis 
loops,  are  observed.  When  the  material  is  heated  again  (without  a  bias  field),  tne  mic- 
“oaomains  reappear  at  a  characteristic  temperature  7D.  In  our  experiments _we  nave  mea- 
surec  ana  correlated  the  characteristic  temperatures  associatec  witr.  tne  SME,  namely  tne 
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ion  temperature  Ts  and  the  recover/  temperature  If,  with  the  temperatures  Tp 
•-  associated  with  dielectric  anomalies.  It  is  concluded  that  the  mechanically  pro- 
;#/sME  can  be  associated  with  the  onset  or  disappearance  of  only  the  macrodomains,  ar.c 
vTjne  microdomal ns®. 

v’  Since  sufficiently  large  electric  fields  applied  between  temperatures  Tp  and  Tc  can 
'.nange  the  microdomains  to  macrodomains,  they  can  affect  the  SME  in  a  very  direct  way. 
fhis  was  also  investigated. 


EXPERIMENTAL 


Two  types  of  experiments  were  carried  out  to  induce  the  SME  in  PLZT  ceramic  samples. 
In  the  first  type,  about  1  an  long  helices  of  composition  6.5/65/35  were  prepared  by  ex¬ 
trusion  followed  by  winding  on  a  mandrel,  and  then  sintering  at  1300°C.  To  demonstrate 
the  SME,  the  helix  was  first  heated  to  200°C,  a  temperature  well  above  Tc  (Figure  1.1). 

A  compressive  force  of  17  gm  was  then  applied  to  it  along  its  axis,  which  resulted  in  an 
elastic  compression  of  the  helix  (Figure  1.2).  The  compressive  weight  remained  in  posi¬ 
tion  as  the  system  was  cooled  to  room  temperature.  Figure  1.3  shows  the  plastically  de¬ 
formed  state  of  the  helix  after  the  weight  was  removed  at  room  temperature,  with  about 
30-  decrease  in  height.  When  the  helix  was  heated  back  through  the  phase  transition,  it 
returned  to  its  original  height  (Figure  1.4),  thus  demonstrating  dramatically  the  SME  in 
a  brittle  ceramic. 


In  the  second  type  of  experiments, bending  of  thin  bars  of  PLZT  ceramics,  supported 
on  two  knife  edges,  was  used  to  produce  and  study  the  SME.  Samples  of  composition 
x/65/35  were  investigated  for  4.0  <  x<  8.0.  Details  of  the<e  experiments,  carried  out 
in  the  absence  of  any  applied  electric  fields,  have  been  reported  In  one  of  our  recent 
publications®  and  will  not  be  repeated  here. 

In  another  set  of  experiments  of  the  sec- 
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ond  type,  samples  of  composition  6.5/65/35 
were  investigated  for  the  effect  of  electric 
field  on  the  SME  produced  by  bending.  A  bar  of 
the  ceramic  of  dimensions  15x2x0.35  nm  was 
electroded  by  sputtering  gold  on  Its  two  major 
faces  and  voltages  up  to  180  V  were  applied 
across  these  faces  in  different  experiments. 
The  apparatus  used  for  monitoring  the  SME  was 
essentially  the  same  as  that  described  in 
Ref.".  In  a  typical  run  the  PLZT  bar  was  first 
neated  to  200°C  and  then  cooled  to  room  tem- 
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perature  (at  the  rate  of  'v2°/min)  under  a 
bending  load  of  49  gm.  When  the  load  was  re¬ 
moved  the  bar  exhibited  plastic  bending, 'which 
disappeared  gradually  on  heating  to  tempera¬ 
ture  Tf,thus  demonstrating  the  SME  once  again. 
The  experiment  was  then  repeated  with  differ¬ 
ent  electric  fields  applied  along  the  thick¬ 
ness  of  the  sample  during  the  heating  part  of 
the  temperature  cycle  (Figure  2).  Throughout 
the  temprature  cycling,  unless  an  electric 
field  was  on,  the  major  faces  of  the  bar  were 
kept  in  a  short-circuited  state. 

•4 1  IM*C  -Uoon  H*atmq 


I SURE  1.  The  shaoe-memory  effect  in  a 
LI”  ceramic  helix.  See  text  for  details. 


RESULTS  AND  DISCUSSION 

3LIT  ceramics  of  comoosition  6.5/55/35 
nave  oolar  rnomoohedral  crystal! ograonic  syr- 


PHE  SHAPE-MEMORY  EFFECT  IN  PLZT  CERAMICS 


J3  KV/an 


2.9  • 
v4.0 


1QO 

TEMPERATURE  (C) 


•retry  at  room  temperature  when  in  a  therm-  g  r _ r._  _ t 

ally  annealed  state.  The  polar  direction  *  1  r 

coincides  with  the  long  diagonal  of  the  PUT  6.5/65/25 

unit  cell*.  When  a  bar  of  PLZT  ceramic  .  ^ 

placed  on  two  knife  edges  is  bent  mecnani-  -y  "  * 

cally  by  a  load  applied  centrally  from  the  i  V  KV/an  * 

top,  the  lower  layers  are  extended  and  the  Sg  i.  \  2 - 

upper  layers  compressed.  (Similarly,  in  the  5  *  ’  R  \  *  \\  5 

case  of  a  compressed  helical  specimen,  the  £  V  \  \  * 

maximum  torsional  shear  is  experienced  by  ®  N.  \  5 

the  material  farthest  from  the  axis  of  the  5' N\\  *  § 

helix.)  The  longer  diagonals  of  the  unit  * 

cells  (as  well  as  the  electric  dipoles)  _ <  ■ 

align  preferentially  along  the  direction  50  loo  150 

of  the  tensile  force  in  the  lower  layers,  TEMPERATURE  (C) 

whereas  those  in  the  upper  layers  align 

preferentially  along  directions  perpen-  FIGURE  2.  The  straightening  behavior  of  a 

dicular  to  the  direction  of  the  compress-  plastically  bent  PLZT  bar  on  heating  under 

ive  force.  When  a  static  electric  field  different  electric  fields.  The  electric  fields 

is  applied  along  the  thickness  of  the  were  switched  on  at  35°C  and  switcher  off  at 

bent  bar,  it  tends  to  straighten  the  bar  1 S0°C. 

because,  in  both  the  lower  and  the  upper 

layers,  its  effect  is  to  align  the  dipoles 

preferentially  along  the  thickness  of  the 

bar  and  thus  annul  most  of  the  effect  pro- 

duced  by  the  bending  stress  (Figure  2). 

In  another  experiment  the  bending  _ 

•load  was  not  removed  while  a  field  of  5.1  3 

kV/cm  was  applied  during  the  heating  part  7T 
of  the  cycle  (curve  2  In  Figure  G).  In  | 
this  case  not  only  did  the  straightening  * 
process  slow  down  initially,  but  even  the  ® 
recovery  temperature  Tf  was  pushed'  up  by 
^(TC.  The  lower  straightening  effect  of  0,1 
the  electric  field  can  be  attributed  part¬ 
ly  to  the  opposition  offered  directly  by 

the  bending  load  and  partly  to  the  phase  temperature  (C) 

transition  caused  by  the  bending  load^. 

The  higher  Tf  can  also  be  understood  in  FIGURE  3.  Bending  and  straightening  behavior 
terms  of  the  new  (probably  tetragonal)  of  a  PLZT  ceram+c  bar.  Curve  1:  cooling  under 
phase  resulting  from  the  stress  induced  a  constant  bending  load.  Curve  2:  heating  un¬ 
phase  transition:  The  tetragonal  phase  der  the  combined  effect  of  the  bending  load 
has  a  higher  spontaneous  strain  which  and  an  electric  field  of  5.1  kV/cm.  The  elec- 
becomes  zero  at  a  higher  Tf.  trie  field  was  switched  off  at  160°C. 

For  the  geometry  employed  in  the  pre¬ 
sent  experiments,  electric  field  can  never  produce  any  bending  of  the  sample.  Since  it 
opposes  the  effect  of  the  bending  load  It  may  normally  be  txpected  only  to  reduce  the 
bending  (Figure ,2).  Yet  in  the  following  experiment  electric  field  could  be  made_to  en¬ 
hance  the  bending  produced  by  the  load  in  the  temperature  region  between_Tc  and  Tp: 

The  PLZT  bar  was  heated  to  2Q0°C  and  the  bending  load  was  applied.  The  bar  was  then 
cooled  at  the  rate  of  2°/min.  When  the  temoerature  fell  to  130°C  an  electric  field  of 
2.9  kV/cm  was  switched  on  (Figure  4).  The  field  was  switched  off  at  128°C  and  then 
switened  on  again  at  125°C  and  so  on  until  the  temoerature  fell  to  1C0°C, wnen  it  was 
-inally  switened  off  and  the  samole  cooled  to  room  temoerature  in  a  snort-circuitec 
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FIGURE  3.  Bending  and  straightening  behavior 
of  a  PLZT  ceram+c  bar.  Curve  1:  cooling  under 
a  constant  bending  load.  Curve  2:  heating  un¬ 
der  the  combined  effect  of  the  bending  load 
and  an  electric  field  of  5.1  kV/cm.  The  elec¬ 
tric  field  was  switched  off  at  160°C. 
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t  ■  t  t  condition.  Figure  4  shows  that  wnen  the 

sample  temperature  is  closer  to  100°C 
pirr  s  s/ssy«  "2  than  to  130°C  a  substantial  increase  in 

uiT  •  /  /  ~  bending  occurs  when  the  field  is  switched 

>'v.  *  “2*  off,  and  a  much  lower  decrease  in  bending 

I  i  occurs  when  it  is  switched  on.  There  is 

''Z  l \  \  .  K  thus  a  net  increase  in  the  effectiveness 

I  \  ll  -  |  of  the  bending  load  in  this  temperature 

*  \  w  s  region.  An  experiment  carried  out  at  twice 

*  s  tU.  i  the  above  frequency  for  switching  the 

\  tVuij.  field  on  and  off  did  not  produce  any  ap- 

x ~ 1  preciable  change  in  the  net  increase  in 

_ I _ <  —  '  '  T  -  bending. 

50  10®  T5°  We  believe  that  this  experiment  pro- 

Tuvcrature  (Cj  vides  a  new  kind  of  supportive  evidence 

for  the  model  described  in  the  Introduc- 

FIGURE  4.  The  effect  of  an  alternating  SlC?nsP0^^“STt'’lnfTS“2if  °f,„ 

„„  fh.1  microdomains  between  Tn  and  Tc  ’  *  .  In 

the  ^crodomains  regime  the  material  is 

I^nm  1  Curve  "electrically  soft"  but  not  "mechanically 

soft,"  which  means  that  when  the  external 

s&nc  dS  in  Flours  Tns  drrows  point**  r-* a  ,k<An>  4i>A  SAnwirwi 

ing  up  indicate  the  temperatures  at  which  electric  field  is  absent  the  bending  load 

does  not  produce  any  significant  amount 

ths  6l6ctnc  flsl  d  was  switciisd  on  toh  *  ni  uuAn  4kA  aiar+rir 

curve  2,  and  the  arrows  pointing  down  the  1  f,1  L?tJhlH9AnWhm7r^rin™iSrrhan0A 

temperatures  at  which  it  was  switched  off.  macrodomains  and  the  material  becomes 

mechanically  soft  also.  The  bending  load 

now  produce  greater  plastic  deformation.  But  the  same  electric  field  which  is  instru¬ 
mental  in  making  the  material  mechanically  soft  also  opposes  the  bending  which  the  load 
tends  to  produce.  Therefore  the  net  increase  in  bending  is  not  large  (it  is  even  nega¬ 
tive  for  temperatures  near  100°C)  when  the  electric  field  is  on.  However,  when  this 
field  is  switched  off,  the  reappearance  of  microdomains  and  the  loss  of  mechanical  soft¬ 
ness  are  not  instantaneous.  Instead  there  is  a  finite  relaxation  time.  It  is  during 
this  time  (when  the  straightening  effect  of  the  electric  field  is  missing  because  the 
field  is  zero)  that  the  bending  load  Is  most  effective  in  producing  an  extra  amount  of 
binding  (Figure  4). 

Since  PIZT  is  a  ferroelectric  as  well  as  a  ferroelastic,it  should  be  possible  to 
produce  the  SME  entirely  with  a  suitably  applied  electric  field.  Experiments  employing 
an  interdigital  set  of  electrodes  on  the  lower  face  of  the  PL2T  bar  are  under  way  in  our 
laboratory. 
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FIGURE  4.  The  effect  of  an  alternating 
electric  field  on  the  bending  produced 
mechanically  as  the  sample  is  cooled  to 
room  temperature  (curve  2).  Curve  1  is  the 
same  as  that  in  Figure  3.  The  arrows  point¬ 
ing  up  Indicate  the  temperatures  at  which 
the  electric  field  was  switched  on  for 
curve  2,  and  the  arrows  pointing  down  the 
temperatures  at  which  it  was  switched  off. 
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The  shape-memory  effect  in  PLZT  (Lead  Lanthanum  Zirconate  Titanate)  ceramics  with  com¬ 
position  x/65/33  (4.0  £  x  £  8.0)  has  been  investigated  using  bending  experiments  and  tem¬ 
perature  cycling.  Relationships  between  load  and  the  degree  of  bending,  together  with  their 
temperature  dependence,  have  been  determined,  and  characteristic  temperatures  associated 
with  the  onset  and  disappearance  of  the  pseudo-plastic  shape  change  are  compared  with  the 
observed  dielectric  anomalies.  Effects  of  mechanical  stress  and  electric  field  on  the  shape- 
memory  temperatures  and  the  magnitude  of  strain  have  also  been  investigated.  It  is  concluded 
that  domain  alignment  and  the  temperature-dependence  of  spontaneous  strain  are  important 
factors  governing  the  shape-memory  effect  in  ferroelectncs.  Preferred-orientation  effects  have 
been  confirmed  by  X-ray  diffraction  analysis. 


1  INTRODUCTION 

The  recovery  of  a  plastically  deformed  material  to  its  original  shape  by 
heating  is  called  the  shape-memory  effect.  This  effect  has  been  extensively 
studied  in  metallic  alloys  and  is  generally  associated  with  martensitic 
phase  transformations  (Warlimont,  1976;  Delaey,  Krishnan,  Tas.  and 
Warlimont,  1974).  Phase  transformations  in  ferroelectric  materials  are  not 
martensitic,  but  Schmidt  and  Boczek  (1978)  observed  apparently  similar 
effects  in  PLZT  ceramics.  Details  of  the  phenomena  occurring  in  PLZT  are 
not  clear. 

Applications  for  PLZT  ceramics  include  a  number  of  different  optical 
devices  (Haertling  and  Land,  1971;  Maldonado  and  Meitzler,  1970.  1971; 
Maldonado  and  Anderson,  1971).  The  materials  of  interest  are  convention¬ 
ally  referred  to  in  the  x/y/z  notation,  where  .x  gives  the  atomic  percentage  of 
La  and  yjz  is  the  Zr  to  Ti  ratio.  Attention  has  generally  been  concentrated 
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on  materials  of  composition  x/65/35.  Those  with  x  >  4.5  exhibit  an  in¬ 
teresting  phenomenon  called  penferroelectricicy  (Mcitzler  and  O’Bryan, 
1973),  quasi-ferroelectricity  (Carl  and  Geisen,  1973)  or  p  —  a  phase  trans¬ 
formation  (Keve  and  Annis,  1973).  PLZT  specimens  with  x  -  8.0  show 
reiaxor  behavior  with  a  diffuse  phase  transition. 

This  paper  describes  the  shape-memory  effect  in  PLZT  ceramics  with  La 
concentrations  between  4.0  and  8.0  at.  %.  Because  of  their  simplicity, 
bending  experiments  were  used  to  investigate  the  shape  change.  The  effects 
of  stress  and  La  content  on  the  magnitude  of  bending  strain,  and  on  the 
memory  effect  were  determined.  The  characteristic  temperatures  associated 
with  the  shape-memory  effect  were  compared  with  the  dielectric  anomalies, 
and  it  was  concluded  that  ferroelectric  domains  are  the  main  cause  of  the 
shape-memory  effect  in  ferroelectric  ceramics. 

2  EXPERIMENTAL 

Five  hot-pressed  PLZT  ceramic  wafers  with  compositions  x/65/35  ( x  =  4.0, 
6:5,  7.0, 7.5  and  8.0)  were  obtained  from  Dr.  William  Harrison  at  Honeywell 
Inc.  The  wafers  were  cut  and  polished  into  rectangular  bars  of  width  2  mm, 
thickness  0.35  mm  and  length  1 5  mm,  and  then  annealed  at  600°C  for  15  h. 

Bending  experiments  were  used  to  measure  the  shape  change.  The 
specimen  was  positioned  on  two  knife-edge  supports  separated  by  12  mm, 
and  surrounded  by  a  small  brass  box.  A  heater  placed  under  the  box  could 
raise  the  temperature  up  to  270<‘C,  as  measured  by  a  thermocouple  positioned 
near  the  sample.  One  end  of  a  glass  rod  was  placed  at  the  center  of  the  sample 
and  the  other  end  attached  to  a  diiatometcr  probe.  Movement  of  the  probe 
was  measured  with  a  differential  transformer.  To  apply  load  to  the  sample, 
lead  weights  were  placed  on  a  shelf  attached  to  the  glass  rod. 

The  sample  was  heated  to  a  selected  temperature  above  the  Curie  tem¬ 
perature.  and  the  load  was  then  applied.  The  sample  was  then  cooled  to 
room  temperature  under  constant  load.  At  room  temperature  the  load  was 
removed  (except  for  the  8.6  g  weight  of  the  measurement  probe)  and  the 
sample  was  then  reheated.  During  the  reheating  cycle,  the  glass  rod  and 
dilatometer  probe  maintained  contact  with  the  sample  to  measure  the 
amount  of  bending. 

Stress  and  strain  were  calculated  assuming  a  circular  arc.  Since  both 
stress  and  strain  are  functions  of  position  throughout  the  cross-section  of 
the  bar,  the  calculated  values  are  for  the  maximum  stress  and  strain  present 
on  the  outside  surface  of  the  bar. 

Dielectric  properties  were  measured  at  frequencies  of  I,  10,  100  and  1000 
kHz.  The  major  face  of  the  bar  was  electroded  by  Au-evaporation  and  poled 
with  a  DC  field  of  15  kV/cm  at  room  temperature.  Dielectric  constant  and 
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loss  factor  were  measured  by  a  capacitance  bridge  at  a  constant  heating 
rate  of  27mm. 

The  samples  with  x  =  4.0  and  7.0%  La  (width  2  mm,  thickness  1  mm  and 
length  12  mm)  were  squeezed  at  400  kg/cm2  (equivalent  to  the  bending  load 
of  86  g)  at  310°C  and  800°C,  respectively,  and  cooled  to  room  temperature. 
Sample  faces,  perpendicular  and  parallel  to  the  stress  direction,  were  ex¬ 
amined  by  X-ray  diffraction  using  Ni-filtered  CuK«  radiation  and  compared 
with  a  diffraction  pattern  recorded  before  squeezing. 


3  STRESS-STRAIN-TEMPERATURE  RELATIONSHIPS 

Figure  1  shows  the  typical  behavior  of  the  bending  strain  with  temperature 
under  several  different  loads.  Application  of  a  load  at  high  temperature 
bent  the  sample  bar  elastically,  and  the  bending  returned  to  zero  upon 
removal  of  the  load.  The  magnitude  of  elastic  bending  agreed  with  the 
value  calculated  using  the  reported  values  of  sn  (Schmidt  and  Boczek, 
1978;  O’Bryan,  1973).  On  cooling  under  load,  the  magnitude  of  bending  did 


(A) 


FIGURE  1(A)  Bending  behavior  of  a  7.0/65/3.5  ceramic  as  a  function  of  temperature  during 
cooling  under  several  fixed  loads.  A  load  of  102.6  g  caused  fracture  of  the  sample  during  cooling 
as  indicated  by  X. 
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(B) 


Temperature  (  *C  ) 


x  1 0’* 

2 
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FIGURE  KB)  Bending  behavior  of  a  7.0-65  IS  ceramic  during  hearing  without  load.  The 
weights  used  to  produce  deformation  during  the  preceding  cooling  cycle  are  given  beside  each 
curve. 


not  change  appreciably  down  to  a  certain  temperature  T„  at  which  bending 
began  to  increase  rapidly,  and  continued  increasing  to  room  temperature. 
When  the  weight  was  removed  at  room  temperature,  there  was  a  slight  reduc¬ 
tion  in  the  amount  of  bending.  The  reduction  in  bending  agreed  with  the 
value  calculated  from  the  sn  coefficient,  indicating  that  this  part  of  the 
strain  was  elastic.  Reheating  without  load  decreased  the  plastic  portion  of 
bending  until  it  became  zero  at  temperature  Tf.  The  original  shape  was 
completely  recovered  by  heating. 

The  elastic  part  of  the  bending  increased  linearly  with  the  increase  in 
load,  but  the  plastic  contribution  tended  to  saturate.  The  amount  of  load 
also  affected  the  characteristic  temperature  T,.  The  initial  deformation 
temperature  T,  shifted  to  higher  values  under  larger  loads,  but  the  shape- 
recovery  temperature  T}  did  not  depend  noticeably  on  the  size  of  load 
applied  during  cooling.  Further  increase  in  the  load  caused  fracture  of  the 
sample  during  cooling,  as  indicated  in  Figure  1(A). 


4  EFFECT  OF  La  CONTENT  ON  THE  STRAIN-TEMPERATURE 
RELATION 

Figure  2  shows  the  effect  of  La  content  on  the  strain-temperature  relation 
under  various  loads.  Data  showing  maximum  bending  for  each  composition 
were  selected;  further  increases  in  load  caused  fracture  of  the  samples. 
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Figure  3  shows  the  relations  between  temperatures  T,  and  7}  and  the  amount 
of  load,  as  well  as  the  load  which  caused  fracture. 

As  judged  from  the  amount  of  bending  and  dependence  of  T,  on  load,  the 
shape-memory  behavior  of  the  sample  with  x  =  4.0  was  different  from  that 
in  the  composition  range  6.5  ^  x  ^  8.0.  For  samples  with  6.5  <,  x  £  8.0, 
those  of  higher  La  content  showed  less  bending  at  room  temperature  as  well 
as  lower  deformation  temperatures  Ts  and  restoration  temperatures  7}. 
Larger  loads  were  required  to  produce  an  equivalent  bending  in  samples 
with  high  La  content.  The  deformation  temperature  7^  was  significantly 
lower  than  7}.  Furthermore,  T,  increased  appreciably  with  increasing  load 
but  7}  did  not  depend  strongly  on  load.  For  the  sample  with  x  =  4.0,  the 
characteristic  temperatures  T,  and  7)  were  the  highest  within  the  com¬ 
position  range  examined,  but  the  magnitude  of  bending  at  room  temperature 
was  about  the  same  as  the  other  samples.  Furthermore,  T,  and  7)  were  equal 
for  the  4  %  sample  and  did  not  depend  on  the  load  applied. 


Stress  (MPa  ) 

0  20  40  60  80 


Load  ( g  ) 

FIGURE  J  Relationships  between  characteristic  temperatures  T,  and  Tr  and  the  amount  of 
load. 
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Anolhcr  difference  in  ihc  x  —  4.0  sample  was  the  behavior  of  bending 
during  temperature-cycling  under  no  load.  After  the  samples  were  cooled 
under  constant  load,  they  were  reheated  to  a  certain  temperature  below 
T,  and  then  recooled  without  load.  The  bending  increased  as  the  temperature 
was  lowered.  For  the  x  =  4.0  sample,  the  relation  between  bending  and 
temperature  was  the  same  as  that  observed  originally  when  cooled  under 
stress,  when  the  sample  was  reheated  up  to  10eC  below  Tf.  Reheating  above 
Tj  and  cooling  without  load  caused  no  bending.  In  samples  with  6.5  <,  x  £  S.O. 
the  amount  of  bending  observed  during  recooling  was  smaller  than  that  of 
the  initial  cooling  under  load,  and  room-temperature  bending  was  dependent 
on  the  temperature  at  which  recooling  was  begun.  For  example  in  the  case  of 
the  x  *  7.0  sample  deformed  at  85.4  g  ( 7}  «  96 9C),  recooling  from  56’C 
reduced  the  room-temperature  bending  to  70  %  of  the  original  value,  and  from 
74°C  the  amount  was  400%. 

5  RELATION  BETWEEN  DIELECTRIC  AND  MECHANICAL 
PROPERTIES 

The  dielectric  constant  of  poled  samples  with  6.5  £  x  £  8.0  showed  relaxor 
behavior  in  which  the  temperature  of  the  dielectric  maximum  Te  depended  on 
the  measuring  frequency.  Furthermore  there  was  a  pre-maximum  peak 


FIGURE  4  Curie  temperature  Tt,  pre-maximum  temperature  Tr,  deformation  temperature 
T,  and  restoration  temperature  Tt  as  a  function  of  La  content  x. 
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associated  with  the  disapperance  of  ferroelectric  domains.  The  temperature 
of  the  pre-maximum  peak  Tt  did  not  depend  strongly  on  measuring  fre¬ 
quency.  In  the  case  of  x  =  4.0,  there  was  no  pre-maximum  peak  and  Tc  did  not 
depend  on  measuring  frequency. 

Figure  4  shows  the  relationship  between  La  content  and  the  characteristic 
temperatures  Te,  T„,  T,  and  Tf.  The  values  of  T,  and  Tr  were  collected  from 
the  data  shown  in  Fig.  2,  and  the  Tt  values  correspond  to  those  measured  at 
1  kHz.  The  T,  and  Tf  temperatures  of  the  sample  with  x  -  4.0  coincide  with 
7^.  but  those  of  the  sample  with  6.5  £  x  <;  8.0  lay  between  7^  and  7 The 
dependence  of  T,  and  Tf  on  La  content  more  closely  resembles  that  of  T„ 
rather  than  Tt. 


4/65/35 


FIGURE  5  X-ray  diffraction  profiles  of  annealed  ( - land  compressed  PLZT( - 

face  perpendicular,  and  -  ■  -  —  ■-  face  parallel  lo  sires*  direction)  for  (A)  x  ■  4.0. 
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6  X-RAY  MEASUREMENT 

Seven  strong  diffraction  lines  (110,  III,  200,  210,  211.  220  and  310)  of  an¬ 
nealed  and  compressed  samples  were  examined.  Figure  5  shows  a  few  peak 
profiles  and  Table  I  lists  the  diffraction  angles.  The  unit  cell  of  the  annealed 
samples  was  either  rhombohedra!  (.x  =  4.0)  with  a  =  4.094  A  and  2  =* 
89.76^,  or  cubic  (x  =  7.0)  with  a  =  4.086  A,  in  good  agreement  with  the 
reported  structures  and  cell  size  (Kcve  and  Bye,  1975;  O'Bryan  3nd  Meitzler, 
1972). 

Peaks  from  the  compressed  samples  shifted  to  higher  values  for  faces 
cut  perpendicular  to  the  stress  direction,  and  to  lower  angles  for  faces  parallel 
to  the  stress.  As  expected  for  compression,  the  J-spacings  of  the  faces  orien¬ 
ted  perpendicular  to  the  stress  direction  were  smaller  than  those  of  the  faces 
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cut  parallel  to  the  stress.  Peaks  from  the  faces  perpendicular  to  the  stress 
were  similar  to  those  of  the  annealed  sample. 

Quantitative  determination  of  phases  present  in  the  compressed  samples 
was  difficult  because  good  high-angle  diffraction  data  were  not  available. 
Because  the  largest  differences  in  d-spacings  between  mutually  perpendicular 
faces  were  between  (220)  and  (200)  for  the  x  =  4.0  sample  and  between  (200) 
and  (1 1 1)  for  the  x  =  7.0  specimen,  the  structures  were  judged  to  be  rhombo- 
hedral  (x  =  7.0). 


7  DISCUSSION 

For  compositions  with  x  ^  4.0,  the  samples  behave  like  normal  ferro- 
electrics,  but  for  those  in  the  range  8  £  x  >  6.5.  domains  are  not  observed 
on  cooling  through  Tc,  nor  do  they  disappear  at  Tc  on  heating.  Ordered 
domains  in  a  poled  ceramic  disappear  at  Tf  in  this  composition  range.  The 
close  relationship  between  the  shape-memory  temperatures  T,  and  Tf, 
and  Tr  and  T„  suggests  that  the  domain  process  plays  an  important  role  in 
the  shape-memory  effect.  Mechanical  stress  orders  the  domains  at  7^(x  =* 
4.0)  or  at  6.5  S  x  £  8.0)  during  cooling,  which  results  in  a  large  pseudo- 
plastic  strain  at  room  temperature.  Heating  eliminates  the  domains  and 
restores  the  original  shape. 

X-ray  diffraction  measurements  on  the  compressed  samples  (Figure  5 
and  Table  I)  gave  the  largest  d-spacings  from  sample  faces  oriented  parallel 


TABLE  I 


Diffraction  angles  of  annealed  and  compressed  PLZT  x.  65/35  with 
x  ■  4  0  and  7  0 


Iikl 

Angle  of  peak  maximum.  20  (°) 

X  *» 

40 

X  * 

7.0 

Annealed 

Compressed 
i  ! 

Annealed 

Compressed 

x  :i 

110 

30,91 

30.92 

30.89 

30  94 

30.96 

30.90 

III 

38.13 

38.14 

38.10 

38. 1 5 

38.16 

38. 1 1 

200 

44.26 

44.28 

44.24 

44.28 

44.33 

44  22 

210 

49  79 

49  80 

49.72 

49.84 

49.86 

49  78 

211 

55.00 

55.01 

54  90 

55.01 

55.05 

54.93 

220 

64.46 

64.48 

64.30 

64.47 

64.51 

64.39 

310 

73.14 

73.18 

73.07 

73.16 

73.24 

73.07 

X  Faces  perpendicular  (o  stress. 
II  Faces  parallel  io  stress. 
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to  the  stress  direction.  This  means  that  the  polar  directions  are  preferentially 
aligned  perpendicular  to  the  compressional  stress. 

For  samples  with  La  content  6.5  ^  .x  <  8.0,  the  deformation  temperature 
T,  depends  on  load,  but  the  restoration  temperature  7}  does  not  (Figure  3). 
Electrically,  the  discontinuity  temperature  in  polarization  shifts  to  higher 
values  when  the  dc  bias  field  increases  (Keve  and  Annis,  1973).  This  abrupt 
change  in  polarization  with  temperature  is  associated  with  the  domain 
phenomena  occurring  at  Tp.  This  effect  is  analogous  to  the  shift  in  T,  and  Tf 
under  mechanical  stress.  Since  no  mechanical  stress  was  applied  during 
heating,  however,  the  restoration  temperature  7}  was  not  influenced  by  the 
stress  applied  during  cooling.  Apparently,  mechanical  stress  has  similar 
effects  to  an  electric  field  in  aligning  domains.  The  anisotropic  thermal 
expansion  coefficients  (O’Bryan  and  Meitzler,  1972)  observed  in  hot-pressed 
PI  XT  (x  *  8.0)  further  supports  this  view.  Radial  stresses  developed  during 
cooling  in  the  hot-pressing  procedure  cause  domain  alignment  below  the 
Curie  temperature.  Thermal  expansion  coefficients  parallel  to  the  direction 
o£  the  compressional  stress  are  higher  than  in  annealed  material,  while 
negative  coefficients  arc  observed  in  the  direction  of  tensile  stresses. 

These  facts  show  that  the  polar  direction  can  be  easily  aligned  by  stress 
when  the  sample  is  cooled  through  the  temperature  at  which  the  domains 
form.  Tensile  stress  aligns  the  polar  direction  parallel  to  the  stress  direction, 
and  compressive  stress  favors  domains  in  the  perpendicular  direction. 

The  relationship  between  bending  and  temperature  shown  in  Figures  1  and 
2  differs  from  the  results  reported  by  Schmidt  and  Boczek  (1978),  especially 
with  regard  to  tlv  hape  of  the  cooling  curve  and  the  magnitude  of  bending. 
They  observed  a  large  bending  at  high  temperature,  and  an  elastic  compli¬ 
ance  about  300  times  larger  than  the  value  determined  by  resonance  measure¬ 
ment.  This  discrepancy  might  be  attributed  to  the  method  of  supporting  the 
sample.  Schmidt  and  Boczck  used  a  cantilever  method,  in  which  one  end  of 
the  sample  was  fixed,  but  this  results  in  a  rather  complicated  stress  state.  In 
our  experiment,  the  samples  were  freely  held  by  two  supports.  Under  these 
circumstances,  the  stress  state  at  a  supporting  position  is  not  as  complicated. 
Since  stress  levels  strongly  ufTect  the  shape-memory  effect,  the  discrepancy 
in  the  results  may  be  attributable  to  the  experimental  method. 

Schmidt  and  Boczck  (1978)  postulated,  on  the  basis  of  ihcir  data,  that 
the  relaxor  or  difTusc  phase  transformation  was  essential  to  obtain  the 
shape-memory  effect  in  fcrroclcctrics.  The  PLZT  sample  w  ith  x  =  4.0.  how¬ 
ever,  is  not  a  relaxor.  The  fact  that  this  sample  shows  a  shape-memory 
effect  indicates  that  the  relaxor  behaviour  is  not  an  essential  property.  To 
confirm  this  idea,  BaTi03  ceramic  bar  with  the  same  shape  and  size  as  the 
PLZT  samples  was  examined.  Figure  6  shows  the  bending-temperature  rela¬ 
tion.  Upon  cooling  from  180°C  under  constant  stress,  bending  increased 
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FIGURE  6  Temperature-dependence  of  bending  of  BuTiOj. 


abruptly  between  125°  and  122°C  and  more  slowly  below  I22°C.  When  the 
sample  was  reheated  after  removing  the  load  at  room  temperature,  bending 
decreased  gradually  up  to  121°C  and  then  fell  sharply  to  zero  between  121° 
and  123CC.  This  abrupt  change  in  shape  near  the  Curie  temperature  ( 1 26'C) 
coincides  with  the  discontinuity  in  the  lattice  parameters,  and  indicates  that 
domain  formation  and  disappearance  are  likely  causes  of  the  shape-memory 
effect  in  ferroelectrics. 

The  maximum  room-temperature  strain  obtained  in  these  experiments 
was  2.1  x  10" 3  in  the  sample  with  .x  =  6.5.  The  stress  field  ^.complicated  in 
the  bending  test  and  it  is  difficult  to  understand  which  of  the  stresses,  ten¬ 
sion  or  compression,  govern  the  strain.  However,  the  observed  strain  can 
be  compared  with  electrically-induced  strain.  In  the  sample  with  x  =  7.0. 
the  strains  parallel  and  perpendicular  to  the  electric  field  at  room  temper¬ 
ature  are  11  x  10"3  and  0.5  x  I0‘\  respectively  (Smith.  1973).  In  our 
experiment  the  plastic  part  of  the  strain  at  room  temperature  in  such  a  sample 
was  1.8  x  10"3  (Figure  1),  which  is  comparable  to  the  strain  parallel  to  the 
electric  field.  Table  II  lists  the  values  calculated  from  the  data  in  Table  I. 
The  strains  were  calculated  by  comparing  thed-spacings  between  compressed 
and  annealed  samples.  In  both  samples,  the  strains  observed  in  the  faces 
parallel  to  the  stress  direction  were  larger  than  those  in  perpendicular 
faces.  In  (he  compressed  samples,  the  polar  axes  are  nearly  perpendicular 
to  the  stress  direction  as  discussed  previously.  The  large  strains  observed 
parallel  to  the  stress  direction  coincide  with  the  large  strains  measured 
parallel  to  the  electric  field. 

Large  strains  under  tensile  stress  have  been  observed  in  samples  with 
x  *  1.3  and  6.0  (Meitzler  and  O’Bryan,  1971).  At  room  temperature,  the 
maximum  strain  in  the  x  =  6.0  sample  was  2.5  x  10"3,  which  is  almost  the 
same  strain  observed  in  the  present  experiments.  A  structural  phase  change 
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TABLE  II 

Differences  of  4-spacing  between  annealed 
and  compressed  samples 


d  compressed  -  d  annealed 
- 1 -  x  |0J 

d  annealed 


hkl 

X  m 

4.0 

,1 

x  * 

1 

8.0 

110 

-0.3 

0.7 

-07 

1.4 

111 

-0.2 

0.8 

-0.3 

1.0 

200 

-0.4 

0.4 

-  1.1 

1.3 

210 

-0.2 

1.3 

-0.4 

l.l 

211 

-0.2 

1.7 

-0.7 

1.3 

220 

-0.3 

2-2 

-0.6 

1.1 

310 

-0.3 

0.9 

-0.9 

1.1 

accompanied  by  a  high  degree  of  preferred  orientation  parallel  to  the  direc¬ 
tion  of  the  applied  tensile  force  is  the  cause  of  the  large  strains. 

Figure  7  shows  the  icmpcraturc-depcndcnce  of  the  plastic  part  of  th^  strain 
plotted  with  reduced  temperature  T/T,  and  T,  Tf.  In  the  case  of  cooling 
under  stress,  the  relationship  between  strain  and  the  reduced  temperature 
can  be  expressed  by  a  single  curve,  except  for  the  x  *  4.0  sample.  For  the 
heating  cycle,  the  relations  for  x  =  6.5  and  7.0  coincide  but  others  do  not; 
all  lie  under  the  curve  ujrx  =  6.5  and  7.0.  The  behavior  of  1  hex  =  4.0  ceramic 
might  be  attributed  to  differences  in  crystal  structure.  The  structures  of 
the  compressed  samples  were  rhombohedral  f.v  =  40)  and  tetragonal  or  of 
mixed  phases  (x  =  7.0).  The  single  curve  relating  strain  and  the  reduced 
temperature  shown  in  Figure  7(A)  would  imply  that  the  crystal  structures 
of  6.5  <x  <  8.0  arc  the  same,  (n  pcrovskiles,  the  strain  associated  with  a 
tetragonal  distortion  is  generally  larger  than  that  of  a  rhombohedral  dis¬ 
tortion.  Inversion  of  the  magnitude  of  strain  between  x  =  4.0  and  6.5  might 
result  from  such  a  difference  in  crystal  structure. 

Disagreement  of  the  relation  between  strain  and  reduced  temperature  in 
the  heating  cycle  for  samples  with  6.5  <  x  <  S.O  might  be  attributed  to  the 
temperature  at  which  the  load  was  removed.  To  confirm^his  conjecture,  two 
additional  experiments  were  undertaken.  In  the  first  experiment,  the  weight 
was  removed  at  various  temperatures  during  the  cooling.  Figure  8  shows  the 
result  for  x  =  7.0.  When  unloaded  at  high  temperatures  (but  below  7,),  the 
reduction  in  bending  was  larger  than  that  observed  at  room  temperature. 

In  the  second  experiment,  the  sample  was  loaded  at  room  temperature 
and  then  heated.  Room-temperature  bending  was  almost  the  same  as  that 
observed  when  the  cooled  sample  was  unloaded  at  room  temperature  (Figure 
1).  Bending  increased  during  heating  up  to  a  certain  temperature,  and  then 
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FIGURE  X  RcUuaion  of  bcnUing  by  removal  of  ihe  load  ai  difTcrcm  temperatures  in  the 
sample  7.0, 65, '35. 

decreased  ai  higher  temperatures,  as  shown  in  Figure  9.  This  result  indicates 
that  below  Tf  the  stresses  caused  a  phase  transformation  to  a  distorted 
structure  with  an  aligned  polar  direction.  The  magnitude  of  the  bending 
up  to  the  temperature  at  which  bending  became  a  maximum  is  indicative 
of  the  ease  of  domain  wall  motion,  i.e.,  the  mechanical  coercivity  decreases 
with  increasing  temperature.  Decrease  in  the  bending  at  still  higher  tem¬ 
perature  results  from  a  reduction  of  the  spontaneous  strain. 

Based  on  these  two  additional  experiments,  the  following  explanation 
appears  feasible.  The  presence  of  mechanical  stress  forces  domain  alignment, 
so  that  a  single  curve  expresses  the  relationship  between  strain  and  reduced 
temperature  in  the  cooling  cycle,  as  shown  in  Figure  7(A).  Removal  of  the 
stress  at  room  temperature  releases  the  external  constraint,  and  the  internal 
stresses  developed  during  cooling  under  stress  tend  to  stabilize  the  structure. 
Since  the  difference  between  Tp  and  room  temperature  are  large  for  x  =  6.5 
and  7.0,  the  domain  wails  cannot  move,  and  the  only  reduction  in  bending 
during  unloading  is  elastic  in  nature.  For  x  =  7.5  and  8.0,  on  the  other 
hand,  Tp  is  low  and  some  of  the  domains  reorient  to  a  more  stable  configura¬ 
tion  during  stress  removal  at  room  temperature.  In  other  words,  the  me¬ 
chanical  relaxation  time  at  room  temperature  decreases  with  increasing 
La  content  (Esaklul,  Gerberich  and  Koepke,  1980).  The  reduction  of  bending 
accompanying  unloading  at  room  temperature  has  both  elastic  and  domain 
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FIGURE  9  Temperature -dependence  of  bending  during  heating  under  constant  load  of 
70.1  g. 

contributions  for  x  *  7.5  and  8.0,  resulting  in  the  different  curves  in  Figure 
7(B). 

.The  anomalous  behavior  caused  by  temperature  cycling  without  load 
can  also  be  explained  by  this  idea.  For  x  -  7.0,  heating  to  high  temperatures 
just  below  Tf  causes  domain  re-orientation,  resulting  in  smaller  strains 
when  recooled  to  room  temperature.  But  several  cycles  between  room 
temperature  and  10°C  below  Tt  did  not  lead  to  appreciable  domain  re¬ 
orientation. 


8  CONCLUSION 

The  strains  associated  with  the  shape-memory  effect  in  ferroelectric  ceramics 
can  be  explained  as  follows.  Above  Tc  the  crystallites  are  cubic,  and  domains 
form  when  the  sample  is  cooled  through  the  transition  temperature  under 
stress.  Mechanical  stress  causes  partial  alignment  of  the  polarization  direc¬ 
tions  (but  not  the  absolute  sense).  The  degree  of  alignment  is  determined 
by  the  magnitude  of  the  stress,  as  in  the  case  of  electrical  poling.  In  the 
perovskite  structures,  the  polar  axis  is  longer  than  the  other  axes.  Polar 
axes  tend  to  align  parallel  to  a  tensile  stress.  Domains  with  polarization 
vectors  perpendicular  to  the  stress  direction  are  favored  for  compressional 
stresses.  The  alignment  in  a  ceramic  is  not  complete,  however,  because  of 
random  grain  orientation  and  becauses  of  internal  stresses  between  neigh¬ 
boring  grains.  After  the  domain  pattern  is  formed,  further  cooling  has  little 
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effect  on  the  domain  walls.  But  cooling  increases  the  spontaneous  strain  of  the 
distorted  unit  cell,  and  therefore  the  total  strain  increases  as  the  temperature 
is  decreased. 

When  the  lattice  parameters  change  discontinously  at  the  ferroelectric 
transition  temperature,  an  abrupt  change  in  shape  takes  place,  as  in  the 
case  of  BaTi03.  When  the  lattice  parameters  change  continuously,  a  gradual 
shape-change  temperature-change  is  observed,  as  in  the  case  of  PLZT. 

When  stress  is  removed  at  room  temperature,  the  total  strain  is  reduced 
by  an  amount  equivalent  to  the  elastic  contribution.  If  domain  walls  can 
move  at  room  temperature,  further  reduction  in  total  strain  occurs  by  domain 
re-orientation  as  in  the  case  of  PLZT  samples  with  7.5  £  x  £  8.0. 

Upon  heating  without  load,  the  decrease  in  spontaneous  strain  causes  a 
gradual  reduction  in  total  strain.  Domain  re-orientation  near  the  transition 
temperature  contributes  a  further  decrease  in  strain.  Finally  the  spontaneous 
strain  disappears  at  Tf,  and  the  total  strain  goes  to  zero.  In  other  words  the 
shape-memory  effect  in  ferroelectrics  is  caused  by  domain  alignment  to¬ 
gether  with  the  temperature-dependence  of  spontaneous  strain. 
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Magnetoferroelectricity  in  Cr2Be04 
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Chromium  chrysoberyl  undergoes  a  phase  transformation  from  a  paramagnetic  state  io  a  complex 
antiferromagnetic  state  at  28  K.  The  spiral  spin  structure  of  the  antiferromagnetic  state  violates  all  the 
crystallographic  symmetry  elements,  making  Cr. BeO,  potentially  ferroelectric.  Chynoweth  experiments 
conducted  at  low  temperatures  reveal  a  weak  pyroelectric  effect  which  disappears  above  28  K.  Cr;BeO, 
ceramics  can  be  poled  electrically  between  24  and  28  K,  giving  rise  to  remnant  polarizations  four  to  six 
orders  of  magnitude  smaller  than  normal  ferroelectrics.  The  pyroelectric  coefficient  and  the  remnant 
polarization  reverse  in  sign  with  the  poling  field,  but  no  anomalies  in  the  electnc  permittivity  or  electric 
conductivity  occur  at  the  Neel  point. 

PACS  numbers;  77.80. -e.  75.80. +q,  77.70.  +  a,  75.50.Ee 


Recent  research  on  ferroelectrics  has  led  to  a  growing 
interest  in  the  fundamental  causes  of  ferroelectric  phase 
transitions,  focusing  especially  on  soft  modes,  order  param¬ 
eters,  and  improper  transitions.  There  has  also  been  an  in¬ 
creasing  awareness  of  cross-coupled  domain  phenomena 
caused  by  electric,  elastic,  and  magnetic  interactions.  Lith¬ 
ium  ammonium  tartrate,  for  instance,  is  a  type  of  dastofer- 
roelectric  in  which  mechanical  strain  is  the  primary  order 
parameter  at  the  98  K  phase  transition.  Strain  gives  rise  to 
ferroelectricity  through  piezoelectric  coupling  with  the  po¬ 
larization.1  The  opposite  effect  occurs  in  sodium  potassium 
tartrate  (rochelle  salt)  where  electric  polarization  is  the  pri¬ 
mary  order  parameter.  Domains  can  be  switched  with  me¬ 
chanical  stress  as  well  as  with  electric  fields  because  of  the 
small  spontaneous  strain  resulting  from  piezoelectric  cou¬ 
pling  to  the  polarization.  Since  the  ferroelastic  effect  has  its 
origin  in  an  electric  instability,  we  refer  to  its  as 
electroferroelasticity. 

Four  other  cross-coupled  effects  arise  when  magnetic 
phenomena  are  included.  There  are  a  number  of  examples  o.r 
elastoferromagnetism  and  magnetoferroelasticity  and  at  least 
one  good  example  of  electroferromagnetism  -,  nickel  iodine 
boracite.2  At  room  temperature.  Nil  boracite  is  cubic,  point 
group  43m.  Below  room  temperature  at  120  K,  it  undergoes 
a  transition  to  an  antiferromagnetic  state  as  the  Ni2*  mo¬ 
ments  align;  at  this  stage,  the  material  is  an  antiferromagnet¬ 
ic  piezoelectric,  but  it  is  neither  ferromagnetic  nor  ferroelec¬ 
tric.  On  further  cooling,  a  second  phase  transition  to  an 
orthorhombic  ferroelectric  state  takes  place  at  64  K.  As  the 
crystal  structure  develops  a  spontaneous  polarization,  the 
magnetic  structure  is  also  altered,  destroying  the  balance  of 
spins  in  the  antiferromagnetic  state  and  producing  a  weak 
ferromagnetism.  The  ferromagnetic  effect  is  of  electric  ori¬ 
gin  and  can  be  referred  to  as  an  electro ferromagnet.  We  have 
described  this  effect  in  some  detail  because  it  is  the  opposite 
of  a  magnetoferroelectric,  the  subject  of  this  investigation. 

A  magnetoferroelectric  develops  a  reversible  spontane¬ 
ous  electric  polarization  on  passing  through  a  magnetic 
phase  transition.  The  one-dimensional  model  in  Fig.  1  illus¬ 
trates  the  principle  of  a  magnetically  induced  ferroelectric. 
At  high  temperatures,  the  system  is  paramagnetic  and  non- 
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polar  with  the  paramagnetic  cations  located  on  centers  of 
symmetry.  On  cooling  through  the  Neel  point,  the  system 
becomes  antiferromagnetic  with  spins  aligned  along  the 
chain  direction.  The  spins  order  in  such  a  way  that  each 
magnetic  ion  has  one  neighbor  with  parallel  spin  and  one 
with  antiparallel  spin.  The  inversion  centers  are  destroyed 
by  magnetic  order,  making  the  chain  a  polar  axis.  Small 
atomic  movements  take  place  because  of  the  differences  in 
interatomic  forces  between  atom  pairs  with  parallel  spin  and 
atom  pairs  with  antiparallel  spin. 

If  the  cations  move  in  the  same  direction,  as  in  Fig.  1 ,  an 
electric  polarization  is  produced.  The  atomic  displacements 
destroy  the  centers  of  symmetry  and  make  the  material  pyro 
electric,  piezoelectric,  and  potentially  ferroelectric.  The  ex 
pected  polarization  is  small  because  most  magnetic  transi¬ 
tions  show  second-order  behavior  with  very  small  magneto 
strictive  effects. 

No  magnetoferroelectrics  are  known  at  present,  al¬ 
though  three  possibilities  have  been  suggested.1  Bismuth 
manganate  (BiMn20,).  calcium  manganate  (CaMn204),  and 
terbium  chromite  (TbCrO,)  show  the  required  symmetry 
change.  We  have  searched  the  magnetics  literature  and 
found  more  than  30  other  potential  magnetoferroelectrics. 
The  compilations  by  Oles  and  co-workers4  and  by  Connolly 
and  Coper.haver1  were  helpful  in  this  regard.  Most  of  the 
potential  magnetoferroelectrics  are  antiferromagnetic  with 
low  transition  temperatures  and  complex  magnetic  struc- 
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tures,  far  more  complicated  than  the  model  structure  in  Fig. 
1.  The  material  chosen  for  detailed  investigation  was  chro¬ 
mium  chrysoberyl,  Cr2BeO«,  one  of  the  few  good  electrical 
insulators  among  the  candidate  compounds. 

Cr2Be04  is  orthorhombic  and  isostructural  with  the 
minerals  chrysoberyl  (Al2Be04)  and  forsterite  (Mg2Si04). 
The  crystal  structure  consists  of  a  close-packed  lattice  of 
oxygen  ions  with  CrJ'  in  octahedral  sites  and  Be:'  in  tetra¬ 
hedral  positions.  At  room  temperature,  Cr2BeO,  is  paramag¬ 
netic  and  centrosymmetric  and,  therefore,  nonpiezoelectric, 
nonpyroelectric,  and  nonferroelectric. 

Low-temperature  magnetic  susceptibility  measure¬ 
ments6  show  a  cusp-shaped  peak  at  28  K  characteristic  of  a 
paramagnetic-antiferromagnetic  transition.  The  magnetic 
structure  determined  by  neutron  diffraction7  at  4.5  K  is  a  cy¬ 
cloidal  spiral  with  a  periodicity  of  about  65  A,  roughly  12 
unit-cell  lengths.  Antiferromagnetic  resonance  experi¬ 
ments*  ’  confirmed  the  spiral  structure  and  Neel  tempera¬ 
ture.  The  symmetry  of  the  magnetic  structure  is  triclinic, 
point  group  1,  making  chromium  chrysoberyl  potentially 
magnetoferroelectric  below  28  K. 

Chromium  chrysoberyl  ceramics  are  prepared  by  cal¬ 
cining  the  coprecipitated  metal-ion  hydroxides.  An  intimate 
mixture  was  obtained  by  reacting  mixed  standard  solutions 
of  aluminum  sulfate,  chromium  nitrate,  and  beryllium  sul¬ 
fate  with  ammonium  hydroxide.  The  powder  was  dry 
pressed  and  then  sintered  at  1300  °C  for  48  h  to  produce 
green-colored  ceramics  with  resistivities  greater  than  107 
(l  m.  The  crystal  structure  was  confirmed  by  x-ray 
diffraction. 

The  properties  of  a  magnetically  induced  ferroelectric 
are  expected  to  differ  radically  from  conventional  ferroelec- 
trics,  since  the  atomic  displacements  are  much  smaller.  Di¬ 
electric  and  piezoelectric  coefficients  are  likely  to  be  small, 
but  domain  walls  should  move  easily ,  just  as  they  do  in  most 
magnetic  materials.  In  this  case,  however,  domain-wall  mo¬ 
tion  is  controlled  by  electric  fields  rather  than  magnetic 
fields,  and  the  resultant  signal  is  electric  charge  rather  than 
magnetic  charge. 

Five  types  of  experiments  were  performed  on  polycrys¬ 
talline  Cr2Be04:  pyroelectric  measurements,  thermal  de- 
poling,  pulse  poling,  complex  permittivity  measurements, 
and  optical  second-harmonic  generation.  The  first  three  ex¬ 
periments  gave  evidence  of  ferroelectric  behavior. 

Electrical  measurements  were  made  on  Cr2BeO*  ceram¬ 
ic  disks  2.8  mm  in  diameter  and  0. 13  mm  thick.  The  disks 
were  electroded  with  evaporated  gold  and  mounted  on  an 
alumina  substrate  in  a  TO-5  transistor  can  using  conducting 
epoxy.  Carbon  black  was  coated  on  the  upper  gold  electrode 
to  absorb  light.  The  TO-5  can  was  then  mounted  in  a  re¬ 
cessed  copper  holder  and  cooled  with  liquid  helium  in  an  Air 
Products  LT-3-1 10  cold  finger. 

For  the  pyroelectric  experiments,  a  buffer  FET  pre¬ 
amplifier  positioned  within  the  cold  finger  was  used  to  mini¬ 
mize  loading  capacitance  on  the  sample,  thereby  maintain¬ 
ing  reasonable  signal  levels.  Following  the  Chynoweth 
method,10  the  sample  was  irradiated  by  a  chopped  defocused 
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FIG.  2.  Pyroelectric  signal  from  Cr  BeO,  ceramics  plotted  as  a  function  of 
temperatures. 


1-mW  He-Ne  laser  and  the  resulting  pyroelectric  signal  de¬ 
tected  with  the  aid  of  a  lock-in  amplifier. 

For  the  initial  pyroelectric  measurements,  the  sample 
was  poled  with  a  field  of  0. 12  MV/m  while  cooling  through 
the  transition  region.  A  signal  was  observed  in  the  order  of 
microvolts  and  was  found  to  reverse  in  sign  when  poling  was 
conducted  with  opposite  polarity.  If  the  supply  voltage  to  the 
preamplifier  was  left  on,  a  low  level  of  poling  was  observed 
due  to  the  leakage  through  the  FET. 

The  level  of  pyroelectric  signal  as  a  function  of  tempera¬ 
ture  is  illustrated  in  Fig.  2.  Because  of  rapidly  changing  spe¬ 
cific  heat  in  this  region,  it  is  difficult  to  define  the  tempera¬ 
ture  change  A  T,  but  if  a  T’  relation  is  assumed  for  specific 
heat,  a  more  normal  pyroelectric  response  is  calculated. 

Below  about  24  K,  the  magnitude  of  the  pyroelectric 
signal  is  reversible  with  temperature.  When  the  temperature 
is  raised  above  24  K,  however,  the  signal  degrades  and  does 
not  increase  significantly  with  decreasing  temperature.  It 
appears  that  this  is  a  transition  region  in  which  portions  of 
the  ceramic  depole  may  only  be  repoled  by  an  external  bias. 

Poling  by  any  method  other  than  cooling  through  the 
transition  region  under  bias  was  only  marginally  successful. 
Small  pyroelectric  signals  could  be  induced  from  a  thermally 
depoled  ceramic  by  poling  with  fields  of  5  MV/m  at  10  K. 
Attempts  to  reverse  poling  with  up  to  6  MV/m  results  in 
only  very  weak  signals  of  opposite  sign,  showing  that  the 
coercive  field  increases  rapidly  below  24  K. 

Calibration  of  the  polarization  levels  observed  in  the 
pyroelectric  experiments  was  achieved  by  thermal  depoling. 
The  absorbing  surface  of  the  sample  was  exposed  to  light 
from  a  750-W  projector  lamp,  and  the  resulting  pyroelectric 
charge  was  collected  with  an  integrating  electrometer.  When 
connected  in  a  feedback  mode,  the  system  was  capable  of 
measuring  charges  less  than  1  pC. 

The  polarization  level  is  defined  by  the  voltage  applied 
as  the  sample  was  cooled  through  the  transition  region  and 
by  the  discharge  temperatuie.  Once  the  polarization  was  in- 
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FIG.  3.  Thermal  depoling  of  Cr.BeO,  ceramics. 


duced  by  the  poling  field,  there  appeared  to  be  no  degrada¬ 
tion  with  temperature  cycling  below  the  transition  region 
and  with  waiting  periods  up  to  45  min.  As  shown  in  Fig.  3, 
Cr2Be04  exhibits  a  linear  dependence  of  polarization  of  the 
poling  field  and  temperature.  No  saturation  in  polarization 
at  low  temperatures  was  observed  in  depoling  experiments 
for  poling  fields  ranging  from  0. 1  to  0.6  MV/m.  Experiments 
at  7  K  indicate  a  linear  field  dependence  over  6  MV/m. 

The  temperature  range  in  which  maximum  polariza¬ 
tion  is  achieved  for  a  given  poling  field  lies  between  24  and  28 
K,  in  agreement  with  the  pyroelectric  experiments.  Poling 
below  24  K  led  to  only  small  polarizations. 

Pulse  poling  was  attempted  utilizing  differential  inte¬ 
grators.  A  10-ms  voltage  pulse  was  applied  through  an  oper¬ 
ational  power  supply  to  the  sample  and  a  linear  capacitor  of 
similar  value.  By  observing  the  difference  in  these  signals, 
small  nonlinearities  could  be  detected.  Pulse  poling  lessens 
the  effect  of  leakage  current  and  sample  heating  that  trouble 
a  normal  Sawyer-Tower  measurement. 

Pulse  poling  proved  no  more  effective  in  reversing  the 
polarization  below  the  transition  region  than  did  the  steady 
application  of  a  field  used  in  the  pyroelectric  experiment, 
even  through  much  higher  fields  were  applied.  Field  levels 
up  to  8  MV/m  were  applied  in  10-ms  pulses,  but  polariza¬ 
tions  of  less  than  1  /iC/m:  could  be  induced,  and  these  were 
not  achieved  consistently. 

The  complex  permittivity  of  Cr2Be04  was  measured  as  a 
function  of  temperature  at  several  frequencies  and  under  dif¬ 
ferent  bias  fields,  but  nothing  unusual  was  observed.  Capaci¬ 
tance  and  tan<$  were  measured  at  1, 10, 100  kHz,  and  1  MHz 
using  an  automatic  bridge.  A  three-terminal  configuration 
connecting  the  cold-finger  housing  and  the  TO-5  can  to  the 
guard  held  the  stray  capacitance  to  about  0.3  pF.  The  resis- 
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tivity  increased  on  cooling  from  room  temperature  to  liquid- 
helium  temperature,  but  the  capacitance  remained  at 
4.0+0. 1  pF  over  the  entin  range.  There  were  no  anomalies 
at  the  Neel  temperature  of  Cr.BeO*.  Bias  fields  as  large  as  1 .5 
MV/m  had  no  effect  on  the  results.  The  measurements  were 
repeated  at  high  ac  fields  using  a  transformer  ratio  bridge 
operating  at  100  Hz,  1  kHz,  and  10  kHz.  No  change  in  e  or 
tan£  was  observed  in  fields  as  large  as  0.7  kV/m. 

Chromium  chrysoberyl  and  about  20  other  potential 
magnetoferroelectrics  were  also  tested  for  acentricity  by  op¬ 
tical  second-harmonic  generation,  but  with  negative  results. 
Our  apparatus  is  similar  in  design  to  the  SHG  powder  ex¬ 
periment  described  by  Kurtz  and  Perry. 1 1  Second-harmonic 
signals  as  small  as  0.001  times  that  of  a  comparable  quartz 
specimen  could  be  detected,  but  none  were  observed,  either 
above  or  below  the  Neel  points.  The  sensitivity  of  the  experi¬ 
ment  was  hampered  by  absorption  (all  the  specimens  were 
colored)  and  by  spurious  light  originating  from  a  plasma  in 
the  evacuated  low-temperature  sample  chamber.  In  any 
case,  there  was  no  evidence  for  acentricity  from  the  SHG 
experiments. 

In  summary,  when  poled  electrically,  chromium 
chrysoberyl  shows  a  pyroelectric  effect  in  its  antiferromag¬ 
netic  state.  The  sign  of  the  pyroelectric  coefficients  changes 
when  the  bias  field  is  reversed.  The  reversible  spontaneous 
polarization  in  the  magnetoferroelectric  state  is  approxi¬ 
mately  a  million  times  smaller  than  that  of  BaTiO,. 

The  influence  of  a  magnetic  phase  transition  on  the 
spontaneous  polarization  of  a  pyroelectric  has  been  de¬ 
scribed  in  a  recent  publication  by  Glass  and  co-workers. u 
Barium  nickel  fluoride  (BaNiF.)  is  a  normal  ferroelectric 
with  a  spontaneous  polarization  of  0.07  C/mJ,  but  at  low 
temperatures,  the  nickel  spins  align  antiferromagnetically 
causing  a  pronouned  anomaly  in  the  dynamic  pyroelectric 
signal.  The  magnetic  contribution  to  the  *  'ntaneous  polar¬ 
ization  is  0.9  mC/m:,  about  two  orders  of  magnitude  smaller 
than  Ps,  and  is  proportional  to  the  magnetic  specific  heat. 

The  reversible  spontaneous  polarization  in  Cr2Be04  is 
approximately  a  thousand  times  smaller  than  the  magnetic 
contribution  to  the  spontaneous  polarization  of  BaNiF4  and 
about  a  hundred  times  smaller  than  the  polarization  predict-  j 
ed  theoretically.”  Goshen  and  co-workers  also  predicted” 
that  the  changes  in  electric  susceptibility  accompanying  a 
magnetically  induced  ferroelectric  transition  would  be  too 
small  to  measure.  This  is  consistent  with  the  permittivity 
measurements  on  Cr2BeO». 

Magnetoferroelectrics  are  a  type  of  improper  ferroelec¬ 
tric,  like  gadolinium  molybdate,  in  which  polarization  is  not 
the  order  parameter  driving  the  transformation.  Because  of 
the  weakness  in  coupling  between  magnetic  and  electric  ef¬ 
fects,  magnetoferroelectrics  might  be  termed  the  ultimate 
impropriety. 
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